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Abstract: 
Cinnamaldehyde semicarbazone was varied in three ways, by altering the ring, the 
conjugated linker, and the semicarbazone, to investigate how changing the structure 
affects the photochomicity. The synthesis of 7 hetero- and 2 polycyclic- aromatic 
semicarbazone variants involved three steps, (a Wittig reaction, hydrolysis, and 
condensation to the semicarbazone,) with cumulative yields of 15% to 52%. Generally, 
the pyridine series gave lower yields than other synthesized semicarbazones. The Wittig 
reaction gave cis/trans mixtures in ratios of 2 : 1 to 1 : 7 for the 6 acetals, except for the 3 
that went directly to the aldehyde, due to the acidity of the silica gel. The final products 
were recrystallized, which is part of the reason for the low yield. The structure and purity 
of all compounds involved was confirmed by 1H NMR and 13C NMR spectroscopy. 
The synthesized semicarbazones were characterized by UV-Vis spectroscopy 
using l : l dichloromethane : acetonitrile. Two major absorption bands were observed, 
one between 220nm and 230nm, and the other one around or above 300nm. The band 
around 220nm-230nm was not affected by differences in the ring, however, for most 
compounds, the band above 300nm shifted to longer wavelength. Two of the 
semicarbazones, those of 3-(3-pyridinyl)-prop-2-enal (31 lnm) and 3-(3-indolyl)- prop-2-
enal (305nm), did not show a shift to the longer wavelength. Moderate shifts were seen 
for the semicarbazones of 3-(2-pyridinyl)-prop-2-enal (316nm) and 3-(2-furyl)-prop-2-
en-l-al (3 l 8nm). The greatest shifts were seen for the semi- carbazones of 3-( 4-
pyridinyl)-prop-2-enal (323nm), 3-(2-thienyl)-prop-2-enal(327nm), 3-( 1-naphthyl)-prop-
2-enal (336nm), and 3-(9-anthracenyl)- prop-2-enal (413nm). 
II 
To investigate the photochromicity of the synthesized semicarbazones, the UV-
Vis spectra of "light" and "dark" forms of the semicarbazone were compared. Two 
known photochromic semicarbazones (cinnamaldehyde semicarbazone and o-
methoxycinnamaldehyde semicarbazone) were used as references. All nine synthesized 
semicarbazones exhibited photochromicity except 3-(2-furyl)-prop-2- en-1-al 
semicarbazone. Among the 8 photochromic semicarbazones, the thiophene derivative 
exhibited an obvious photochromicity with a new peak that appeared in the dark form. 
All other compounds exhibited photochromicity as an increased ratio (by 0.4 to 2.0) for 
the 220 : 300 nm absorptions. The UV-VIS spectrum of 3-(2-thiophenyl)prop-2-en-l-al 
semicarbazone sample was reacquired after the "dark" sample had been exposed to light, 
and it exhibited a reversible photochromicity. The spectra in pure acetonitrile was also 
obtained, but they did not show any differences between the "light" and "dark" form. In 
Lin's paper, differences between the "light" and "dark" forms were seen by 1H NMR, 
however, no differences between the spectra of "light" and "dark" forms of the 
semicarbazones in this study were observed. 
The extended conjugated linker was synthesized from cis-but-2-en-1,4-diol by a 
procedure based on previous studies by both Saathoff and Sun. After mono- protection 
with an acetate group (82%), the remaining hydroxy group was converted to a halide (Br: 
81 %; I: 61 %) and followed by an Arbuzov reaction (Br: 31 %, I: 65 %). The phosphonate 
underwent hydrolysis of acetate group ( 47%) and oxidation to the aldehyde (52%) to give 
trans-4-(diethylphosphono)-2-butenal in a 5% (Br) and 8% (I) cumulative yields. The 
monoprotection had to be carried out in an ice bath, with the slow addition by syringe of 
the less than leq acetyl chloride, to avoid diacetylation. The iodide behaved better than 
Ill 
bromide in the Arbuzov reaction, though the iodide had to be synthesized via the 
mesylate. Direct conversion of the alcohol to phosphonate was tried based on Wiemer's 
procedure, but it did not give the expected compound. Based on the 1H NMR spectra, 
there was cis-trans isomerization and loss of the acetate group occurring in the reaction. 
Before oxidation, the alcohol must be purified in order to obtain product. 
Two synthetic ways were explored to prepare the modified semicarbazide moiety. 
Three ureas (phenylurea, 2,5-dimethoxyphenylurea and 4-methoxyphenylurea) were 
synthesized successfully with high yields of 69%- 90% from aniline and sodium cyanate. 
Melting point analysis, IR, 1H NMR and 13C NMR spectroscopy confirmed the purity and 
identity of these compounds. At least twenty different conditions were attempted to 
convert the urea to the semicarbazide using hydrazine monochloride or hydrazine sulfate 
with different additives (NaOH, HCl, PPTs etc.) and different solvent system. However 
none of these gave complete conversion to the semicarbazide, and collectively, six 
different NMR spectra were obtained from these attempts. An HPLC comparison of two 
of these reactions showed that the major component was the urea, and the minor 
components were the same both. So instead, the carbamate of 2,5-dimethoxyaniline was 
synthesized using ethyl chloroformate and NaH in a yield of 95%. This was successfully 
converted to the semicarbazide in a yield of 23%. 
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INTRODUCTION 
The first recorded photochromic phenomenon was observed by Fritzsche in 
186i11 from a bleaching of an orange-colored solution of tetracene in the daylight and its 
return to an orange color in the dark. Soon, ter Meer[2J found that the solid state of 
potassium 1, 1-dinitroethylide was yellow in the dark, but red under the light outside the 
laboratory. Phipson[3J noticed that zinc pigment used to paint a gate post was a black 
color during the daylight, but white in the dark. In 1899, Markwald[4l first used the term 
"phototropy" to describe the reversible color change of 2,3,4,4-tetrachloronaphthalen-
l( 4H)-one(~-TCDHN) in the solid state. Since then, photochromic compounds have 
been studied by Jots of research groups, as well as the mechanistic and synthetic aspects. 
The photochromicity of organic compounds can be controlled by structure, [SJ and these 
structural variations affect the electronic energy levels in these molecules. [61 With the 
progress of photochromicity, organic photochromic compounds could have potential 
applications in photoactive devices, such as optical memories, windows and optical 
switches. [?J[SJ 
Photochromism is the reversible transformation between two differently colored 
isomers caused by irradiation/lack of irradiation with UV or even visible light. 
Photochromicity is a phenomenon seen in both inorganic compounds and orgamc 
compounds. While there are many types of orgamc compounds that present 
photochromicity, only a few of them will be illustrated herein. Diarylethenes, as a class of 
compounds exhibiting photochromicity in the crystal state, draw a lot of attention from 
chemists. Irie et al. [9l examined the photochromic compound l ,2-bis(2-methyl-5-phenyl-
3-thienyl)perfluorocyclopentene and its derivatives, where the photochromicity arises 
from the electrocyclic formation and breaking of a ring as show in Figure 0.1. When the 
middle ring is open, the crystal is colorless, whereas when crystals are irradiated at 390 
nm, the middle ring closes and it turns blue. However, when this ring closed isomer was 
exposed to a 680 nm light, it went back to the colorless ring-opened form. 
colorless 
UV light 
Visible Light 
Single Crystal 
Figure 0.1: Photochromism of l,2-bis(2-methyl-5-phenyl-3-thienyl)perfluoro 
cyclopentene. [9l 
Based on Irie's results, Shouzhi Pu and his research group explored tuning these 
diarylethenes by placing different substituents off the phenyl ringsl' 01 . When the 5-
substituent goes from a 1,3-dioxolane or 1,3-dithiolane, hydroxymethyl, formyl and 
finally to a 2,2' -dicyanovinyl, the color of the ring closure isomer goes from purple, to a 
red, to a blue and finally to green, respectively. They also discovered that electron-
withdrawing groups such as formyl and cyano significantly shifted the absorption to 
longer wavelength, while the molar absorptivity increased with strong electron donating 
groups. 
Electrocyclic nng opening/closure is a common theme for inducing 
photochromicity in a compound. Roxburghl"l et al. investigated N-alkyl-3,3 ' -
disubstituted-6-nitroindolospirobenzopyrans which exhibit photochromicity this way. 
They found that a cyclohexyl or n-hexyl group increased the photochromicity more than 
a dimethyl group. Spiropyrans as photochromic compounds have drawn much attention 
2 
because they can be applied in biochemistry, for instance, in the potential photoswitching 
on/off of protein activity by covalent bonding to a protein[ 121. 
Besides ring opening/closing photochromic systems, other compounds exhibit the 
photochromic phenomenon in the crystal state based on bond rotation and 
tautomerization of Schiff bases (Figure 0.2). Kawato and his colleagues explored the 
effects of adding 2,6-dialkyl groups on N-salicylideneaniline on the molecular shape and 
array ( n -n stacking ) in the crystal lattice[ 131 . They found that for the most part these 
groups forced the compounds to be nonpolar and "pack" in the crystal state "looser", 
enhancing their photochromicity. 
365nm 
dark 
Figure 0.2: Photochromic reaction of N-salicylideneanilines[131 
A third mechanism for photochromicity can be via isomerization of double bonds, 
as with the simple azobenzene (PhN=NPh). Burns and Cunningham investigated the 
photochromicity of 3-ethyl-1,5-diphenylformazan by Raman and NMR spectroscopy, as 
well as X-ray crystallography.[ 141 The formazan has 4 isomers, as shown in Figure 0.3. 
Ar, N H, N, Ar 
II ' 
N , y -, N 
R 
(a) syn, s-cis 
N, C'_N, N'Ar 
' ' R H 
(c) anti, s-cis 
Ar, H, ,Ar 
N=N f;J 
·~ :: N 
R 
{b) syn, s-trans 
Ar, N-_ N,C'_Ny Ar 
R H 
(d) anti, s-trans 
Figure 0.3: Photochromic isomers of formazans.[ 141 
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The syn,s-cis and syn,s-trans isomers appear red, while the anti,s-trans isomers appear 
orange (the anti,s-cis conformer has not been observed). Bum's group made the red 
isomer by dissolving the orange isomer in petroleum ether at 50-6ff C in the dark and 
reducing the volume in a vacuum oven for 3 days. 
The photochromic system investigated m this research centers around 
cinnamaldehyde semicarbazone (PhCH=CHC=NNHC(O)NH2). In 1923, Heilbron[ISJ 
reported the photochromicity of cinnamaldehyde semicarbazone, which is pale white in 
the light form and light yellow in the dark form. In addition, they synthesized the 
methoxy-derivatives and found that the o-methoxy derivative had more pronounced 
photochromicity, the p-methoxysemicarbazone had only feeble photochromicity, while 
m-methoxy had no photochromicity. Based on their experimental results, Heilbron's 
group proposed that the semicarbazone initially formed was transformed from an inactive 
colorless phase to the active colorless phase by absorbing a photon, after which the active 
colorless phase could be transformed to the colored form by storing in the dark. As they 
were working before the discovery of quantum mechanics, their explanation of the 
photochromicity was that it was a " process connected with the displacement of valency 
electrons within the molecule" and that the " accumulation of doubly-link atoms in a 
molecule necessarily causes a remarkable increase in the mobility of the electrons of such 
atoms".l 161 It was not until 2012 Linl'7l and his colleague explored the photochromicity of 
pyridine-2-carboxaldehyde semicarbazone (PyC=NNHC(O)NH2), whose structure is 
closely related to cinnamaldehyde semicarbazone, that the exact structural change was 
experimentally proven. They found that the photochromicity involves syn-anti 
isomerization of its C=N double bond. 
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In this research, we further expanded Heilbron' s research on the cinnamaldehyde 
semicarbazone scaffold to see how structural changes affect the photochromicity and if a 
trend could be found with the changes. The cinnamaldehyde semicarbazone was varied in 
three locations: the aryl ring, the length of conjugated linker chain, and the 
semicarbazone moiety (Figure0.4). 
I , H ~ , N'v"NH2 
N II 
0 
ring variants 
chapter 1 
longer conjugated linker 
chapter 2 
semicarbazone moiety 
chapter 3 
Figure 0.4: Modification of cinnamldehyde semicarbazone. 
It is known that the electron density affects the UV-vis absorption of the 
compound, so varying the electron density in the cinnamaldehyde semicarbazone by 
replacing the phenyl ring with a heteroaromatic ring or polycyclic ring should change the 
absorption wavelength. The more electronegative atom in the ring may lead to more 
effective shuttling of the electrons throughout the compound, and lead to increased ability 
to switch from the light and dark forms. Benzene has an absorption at 255 nm, pyridine 
has an absorption around 260 nm, and indole has an absorption at 270 nm and a sharp 
absorption around 290 nm. Basically, the heteroaromatic 6-membered ring systems show 
absorptions at longer wavelengths than benzene, and more towards the visible region. 
Likewise, naphthalene has an absorption at 315 nm and anthracene has an absorption at 
357 nm due to enlarged conjugation. It is clear that with more benzene rings in the 
structure, the absorption shifts from 255 nm to 357 nm. 
Based on Marshall and Whiting's[I SJ research, the longer chain lengths in phenyl-
polyene aldehydes result in an absorption at a longer wavelength from from 322 nm(n=l) 
5 
to 457 nm (n=7). This suggested that if a semicarbazone were synthesized a long enough 
linker chain, its absorption should shift from the UV region to the visible region. 
The semicarbazone was varied by replacing the H at the end on the nitrogen with 
a phenyl ring. Additionally, this would allow for putting different groups off the two ring 
systems at either end of the molecule, making a "push-pull" type of system where one 
end of the molecu_le has an electron withdrawing group and the other end has an electron 
donating group; this is widely used in nonlinear optics[ 191 . 
However, none of the target semicarbazones are commercially available. The 
heteroaromatic and polycyclic semicarbazones were synthesized from the hetero/poly-
aromatic carbaldehyde via a Wittig reaction with a protected acetaldehyde ylide, 
hydrolysis and condensation with semicarbazide. The extended chain semicarbazones 
involved synthesizing a double bond linker, starting from cis-2-butene-1,4-diol and 
loosely following a similar procedure of Sun et al. [201 The N-modified semicarbazones 
required making semicarbazides which was done in two steps involving a urea 
intermediate. After the target semicarbazone was made, the photochromicities of the 
prepared semicarbazones were analyzed by UV-vis and 1H NMR to determine 
differences between the "light" form and the "dark" form. Additionally, 1H, 13C and IR 
spectroscopy were used to evaluate the identity and purity of the intermediates 
synthesized along the way. 
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CHAPTER 1 
SYNTHESIS OF HETERO-AND POLYCYCLIC-AROMATIC 
SEMICARBAZONES 
Introduction: 
In this chapter, the phenyl ring in cinnamaldehyde semicarbazone was replaced 
with a hetero- or polycyclic- aromatic ring to investigate their effects on the 
semicarbazone's photochromicity. These compounds were synthesized from the aromatic 
carbaldehyde via a Wittig reaction to make an a,13-unsaturated aldehyde, which was then 
converted to the semicarbazone. 
The Wittig reaction[211 is one of the most widely used methods in the formation of 
C=C double bonds, involving the reaction between a carbonyl and a phosphorus yilde 
(Scheme 1.1 ). 
R 
I R R -f~ 1 
R 
Scheme 1.1 General Wittig reaction. 
The phosphorus ylide can be drawn as either of two resonance structures (Figure 
1.1) that reveal it's nucleophilic nature. 
R 
I 
R-f~R1 
R 
ylene yl ide 
Figure 1.1 Resonance structures of Wittig ylide reagent. 
There are several mechanisms suggested for the Wittig reaction. The first and 
original mechanism proposed by Wittig and Schollkpof221 involves only 1 intermediate, 
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a betaine. Later on, this mechanism was revised to involve two intermediates, the betaine 
and an oxaphosphetane(OPA) as shown in Scheme 1.2. 
+ 
0 
II 
,, P, + 
p~h Ph 
OPA 
Scheme 1.2 Betaine mechanism for Wittig reaction. 
This mechanism starts with the nucleophilic addition of the ylide on the carbonyl 
to form the betaine, followed by ring closure to the oxaphosphetane, and ends with 
decomposition of the OPA to the alkene and phosphine oxidel231 . The stereochemistry of 
the alkene product depends on the degree of stability of the ylide reagent. Stable ylides 
show selectivity for the E isomer, and non-stable ylides prefer to give Z-isomer; more 
often mixtures of E/Z isomers are obtained. One concern of the betaine mechanism is that 
the betaine itself has never been isolated successfully or observed spectroscopically. 
Based on this concern, Bergelson et al. lZ4l proposed a mechanism (Scheme 1.3) where the 
ylide phosphorus is attacked by the carbonyl oxygen, forming a "C-P-0-C" betaine 
carbocation. Then ring closure leads to OPA and OPA decomposes to give the alkene. 
However, no dipolar intermediate has been observed by NMR in Wittig reactions, 
so both mechanisms are still questioned, and several other mechanisms have also been 
proposed. The one certain thing is the formation of the OP A intermediate and its 
decomposition as the final step to give an alkene. 
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Scheme 1.3 Alternative mechanism proposed by Bergelson.(241 
A disadvantage of the Wittig reaction is that the phosphorus oxide byproduct is 
hard to remove, and often requires column chromatography for complete removal. This 
was seen in this research and will be discussed later. 
Another disadvantage of the original Wittig reaction are conditions that involve 
low temperature and a very strong pyrophoric base. For example in the synthesis of 
primaquine derivatives[251 , the Wittig reaction was done using nBuLi and the reaction 
temperature was -60°C. Aristoff261 found much milder conditions for the Wittig reaction, 
using K2C03 and crown ether 18-crown-6 instead of the strong base. The 18-crown-6 
here is used to trap the potassium ions and enhance the basicity of the C03 2- anion. 
The synthetic pathway to make the heteroaromatic and polycyclic semi-
carbazones utilizing the Wittig reaction is shown in Scheme 1.4. 
Scheme 1.4: Synthesis of semicarbazones 4 from Wittig reagent and aromatic 
carboxaldehyde. 
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A two-carbon phosphonium ylide reagent(l,2-dioxanyl-2-methyltriphenyl 
phosphonium bromide) was formed following T.M. Cresp's procedure, and this reacted 
with a carboxaldehyde to give an acetal 2. [271 The acetal 2 was hydrolyzed to the aldehyde 
3, and reacted with semicarbazide hydrochloride to give the semicarbazone 4. 
Results & Discussion: 
The Wittig reagent has been synthesized several times in yields from 45% to 70%, 
as reported by T. M. Cresp et al. [271 (Scheme 1.5). The purity of the reagent was 
identified by melting point, which was typically around 170°C, compared to the literature 
melting point of l 93- l 95°C. The slightly lower observed melting point might be 
resulting from impurities. The triphenyl phosphine has a melting point of 80°C, while the 
bromomethyl-1,2-dioxolane is a liquid, so the significantly high melting point suggests 
the Wittig reagent was formed. 
Scheme 1.5: Synthesis of Wittig reagent. [271 
To make the Wittig reagent, triphenylphosphine and bromomethyl-1,2-dioxolane 
were heated at reflux for 12 hours, causing the white phosphine solid to melt slowly and 
turn to a clear liquid, then the color of the reaction mixture turn to a orange liquid , and 
finally became a red hard solid. The solid was recrystallized from CH2C}i and diethyl 
ether to give white crystals. It is noted in comparing the color to the melting point of the 
product from different attempts, the darker or redder the crude product, the lower the 
melting point of the recrystallized material. For instance, in XX 1-62, the crude product 
IO 
was white and the melting point of white crystal was 198-200"C, but in contrast, in XX 2-
1, the crude product was red and the melting point range of white crystal was only at 168-
l 70°C. The color of the product directly depends on how strongly the reaction was 
heated. By monitoring the temperature of the sand bath with a thermometer, it was 
noticed that once the temperature went above 120 °C, the solid began to change color to 
an orange, red and finally a black. However, if the temperature is kept below 100 °C, no 
reaction occurs. The reaction should be heated with a relatively low heat, while 
monitoring the color. The heat should be adjusted as soon as the color starts changing to 
red. 
The Wittig reaction (Scheme 1.6) was applied with 7 different heteroaromatic 
carboxaldehydes that included all three pyridinecarboxaldehyde isomers, all 3 simple 5-
membered heteroaromatic (N-methylpyrrole, furfural and thiophene) carboxaldehydes, as 
well as indole-3-carboxaldehyde. In addition, it was also applied to two polycyclic 
carboxaldehydes, 1-naphthalene(2 rings) and 9-anthracene(3 rings) carboxaldehydes. 
e © ?) 
BrPh3P---.../'"o 0 
Ar - CHO- ~ t) Ar O 
1 2 
I d: Ar: 1-0 s N o-~ o--~-~- ~ 
N oj I 0 JVVV ~Q o-~· I N oco · \ H ~N Q 
"""" 
Scheme 1.6: Wittig reaction of aromatic carboxaldehydes. 
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The yields and cis-trans ratios for these reactions are listed in Table 1.1 . 
Generally, the yields were relatively low, perhaps since the chosen carboxaldehydes were 
bought several years ago and showed a yellow or even dark yellow color. Fresh 
carboxaldehyde should be clear and colorless. Also because the Wittig reagent shows 
quite different melting points ranging between 168-200 °C, the low yields may be a 
reflection of the Wittig reagent 's purity. Lastly, the work up process involves multiple 
filtrations through sand, Celite, and silica gel, where the product might be Jost. 
Table 1.1: Yields and cis : trans ratios for the Wittig condensation reactions. 
Reaction Ar Yield Cis: Trans Ratio* 
XXl-72 4-pyridine 40% 1: 4 
XXl-75 3-pyridine 69% 2: 1 
XX2-11 2-pyridine 36% l : 1.2 
-------------------------------------------------------------------------------------------------------------------------------------· 
XX2-35 N-methylpyrrole-2- 8% ** 
XX2-40 Indole-3- 15% ** 
XX3-45 
XX2-30 
2-furan 
2-thiophene 
XX3-10 !-naphthalene 
XX3- l l 9-anthracene 
*: cis/trans ratio was obtained from H NMR 
46% 
47% 
31 % 
57% 
1 : 7 
** 
1: 0.67 
1 : 4 
**: the major product was the hydrolyzed aldehyde, no acetal isomer product observed 
By comparison the cis : trans ratio obtained with ethyltriphenylphosphinium 
bromide and benzaldehyde was reported as 82 : 18,l281 while the ratio for reaction of p-
bromobenzaldehyde with the ylide used here was reported as 44 : 36. [291 In biphasic 
reactions the typical cis/trans isomer ratio ranges from 1 : 2.5 to 3 : 2. [30l So, in general , 
cis: trans ratio are expected to be between 1 : 3 and 3 : 1. Here, four of the synthesized 
aldehydes ( 4-pyridine, 2-pyridine, 2-furan-, 9-anthracene-) showed a preference for the 
trans isomer, having to a cisltrans ratio from 1: 1.2 to 1: 7. High trans ratios were 
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expected for 9-anthracene and I-naphthalene, as there should be steric issues with the cis 
isomer. The naphthalene and 3-pyridine each showed a modest preference for the cis 
isomer. So cis/trans ratio did not come out as expected. 
The 1H NMR spectrum confirmed the formation of the acetal, with new signals 
from the vinylic hydrogens located from 5 ppm to 7 ppm, the acetal hydrogen around 5.5 
ppm, and multiplets for the dioxolane ring hydrogens around 4ppm. In the 1H NMR 
spectrum of the Wittig reaction with 4-pyridinecarboxaldehyde (Figure 1.2), two sets of 
vinylic signals were observed, one set at 6.68 (lH,d, 1=11.7 Hz), and 5.86 (lH, dd, 1=7.3 
Hz, 11.7 Hz) ppm and the second set at 6.70(1H,d, 1=16.1 Hz), 6.37(1H, dd, 1=5.5 Hz, 
16.0Hz) ppm. The first set was determined to be the cis-isomer, while the second set was 
trans isomer, based on the fact that the olefinic coupling constant 1 of the trans isomer 
(12-16 Hz) is larger than the cis isomer(l0-12 Hz). So the doublet of doublets at 5.86 
ppm had to be from the cis acetal, while the doublets of doublets at 6.37 ppm was from 
the trans acetal. Using the relative integral values, the ratio of cis and trans isomer can be 
determined, as shown in the spectrum below, the 1H signal from the cis isomer integrated 
to 0.6; while the 1H signal from the trans isomer integrated to 0.4, so the cis : trans ratio 
was 0.6 : 0.4. The other vinylic H signal overlapped for the cis/trans isomers. 
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Figure 1.2: 1H NMR spectra of Wittig XXl-72 showing cis-trans isomer. 
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The 13C NMR spectrum also showed the presence of both cis-trans isomers, 
because there is more than one set of signals for the products, with 13 signals instead of 
the expected 9. Since the chemical shift of carbons on the aromatic ring are coincid-
entally overlapped for both isomers, there are only 13 signals here. 
As the number of aromatic rings increased in the structure, the signals 
increasingly overlapped each other, and it become more complicated to interpret the 
spectra, i.e., like the product from 9-anthracenecarbaldehyde. 
As mentioned earlier, large amounts of triphenylphosphine oxide (Ph3P=O) are 
made as a byproduct in the Wittig reaction. It's presence can be seen in the 1H NMR by 
three sets of signals located from 7.3 ppm to 7.8 ppm. Some of the Ph3P=0 can be 
removed by filtration through silica gel, but the acidity of the silica gel sometimes also 
caused the acetal to hydrolyze to the aldehyde. This can be observed with the thiophene 
compound in Figure 1.3, where a doublet 1H signal for the aldehyde appears around 9.5 
ppm. 
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Figure 1.3: 1H NMR spectra of Wittig product XX2-30. 
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The filtration did get rid of some of the Ph3P=0, but there was still some Ph3P=O 
remaining, so another purification method was also used as reported in John Saathoff s 
thesis[311 . This involved adding lOmL acetone to the concentrated filtrate , followed by 
lOmL of ethyl ether, and finally three portions of 30mL hexanes each. The material was 
then filtered and the solvent removed. However, this method did not work as well here, 
so silica gel flash chromatography was carried out to get rid of the traces of Ph3P=O, and 
the starting material , at the same time. 
The next step was hydrolysis of the acetal in acidic environment as shown in 
Scheme 1. 7 and Table 1.2. 
0) 0 Ar~O 3~CI Ar~H 
2 3 
Scheme 1. 7: Hydrolysis of the acetal. 
Table 1.2: Yields for the hydrolysis reactions. 
Aldehyde 
XX2-4 
XX2-5 
Ar 
4-pyridine 
3-pyridine 
Yield 
45% 
34% 
XX2-15 2-pyridine 5% 
-- ---------------- ------------------------·-·----------------- -- -- -
XX3-46 2-furan 76% 
XX2-38 2-thiophene 66% 
XX3-14 1-naphthalene 94% 
XX3-15 9-anthracene 35% 
This step was an easy step with few side product, so the yields were expected to 
be high. However, four of the yields were lower than 60%, and the yield for 2-pyridine 
derivative was only 5%. All of the pyridine series showed a lower yield, perhaps due to 
the basic ring N atom increasing the water solubility by formation of a R3NH+ salt. For 
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the 3-pyridine derivative, a relatively low yield might be the result from impurity of the 
acetal. The hydrolysis of 2-pyridine reaction was repeated three times, but all attempts 
gave low yields and after rotatory evaporation, only a small amount of a dark green liquid 
was left on the sides of the flask. 
Since the reaction occurred under an acidic environment and some of the 
aldehydes had basic(amine) groups, the mixture was adjusted to pH=7 before extraction 
with CH2Ch. Otherwise, the aldehyde would not move to the organic layer. 
As it was discussed previously, during purification by silica gel chromatography, 
the acetal for the indole and N-methylpyrrole derivatives completely converted to the 
aldehyde. Thus this hydrolysis reaction was not done for XX2-40 and XX2-35. 
Hydrolysis of acetal can be confirmed by 1H NMR, by the appearance of a 
doublet of doublets around lOppm from the aldehyde H and the loss of the multiplets 
close to 4 ppm for the acetal group. Additionally, the acidic conditions isomerized the 
cis/trans mixture to only the trans isomer in this step, since the acid catalyzes the 
equilibrium and the trans isomer is more stable than the cis isomer. This could be seen by 
the disappearance of the two vinylic signals with coupling constant around 8-10 Hz for 
the cis isomer and overall having only 1 set of signals demonstrated the isomerization of 
the double bond. 
After the extended aldehyde was made, the last step was conversion to the 
semicarbazone by mixing the aldehyde, sodium acetate, semicarbazide hydrochloride as 
shown in Scheme 1.8. 
0 H 
. II H2NNHC(O)NH2 ·HCI , >--- N NH ~ A~N-~ 2 Ar H NaOAc r II 
3 4 0 
Scheme 1.8: Synthesis of semicarbazone. 
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The preparation of the sernicarbazone varied in the order of addition, depending 
on the physical state of the aldehyde. If the aldehyde was an oil, then the sodium acetate 
trihydrate and semicarbazide hydrochloride were dissolved first in an alcohol solvent and 
then the aldehyde was added. However, if the aldehyde was a solid, then the aldehyde 
was first dissolved in the alcoholic solvents before adding the sodium acetate trihydrate 
and semicarbazide hydrochloride. Since the photochromicity depends on the crystal 
structure of the sernicarbazone, the semicarbazones were recrystallized to give a purer, 
more ordered compound. The yields and recrystallization solvents are listed in Table 1.3. 
Generally, the sernicarbazones were recrystallized from ethanol, and their color and 
melting points are displayed in Table 1.4. 
Table 1.3: Yields and recrystallization solvent for the sernicarbazones. 
Aldehyde Ar 
XX2-19 4-pyridine 
Yield* 
14% 
Recrystallization 
solvent 
Absolute ethanol 
XX2-8 3-pyridine 20% Absolute ethanol 
XX3-8 2-pyridine 29% 2-propanol 
·--------------------------------------------------------------------------------------------------------------------------------------------------------------------------
XX3-5 N-methylpyrrole-2- 2% Absolute ethanol 
XX3-9 Indole-3- l % Absolute ethanol 
XX3-4 
XX3-48 
XX3-17 
XX3-19 
2-thiophene 
2-furan 
I-naphthalene 
9-anthracene 
50% 
52% 
45% 
33% 
XXl-49 cinnamaldehyde 31 % 
XX 1-50 o-methoxycinnamaldehyde 17% 
XXl -51 p-methoxycinnamaldehyde 58% 
*: yields were calculated after recrystallization. 
Absolute ethanol 
Absolute ethanol 
Absolute ethanol 
Absolute ethanol 
95% ethanol 
95% ethanol 
95% ethanol 
The 1H NMR (DMSO-d6) spectrum confirmed the sernicarbazone products. For 
example, for XX3-4 (Figure 1.4 ), there are two new broad signals for the amine 
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hydrogens in the semicarbazone at 10.17 ppm and 6.31 ppm for the -NH- and the -NH2 
groups, respectively. 
v -NH I· I I t _ V~,-NH, _) 
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Figure 1.4: 1H NMR spectrum of (E)-3-(2-thiophenyl)prop-2-enal semicarbazone XX3-4. 
Also in the 13C NMR spectrum of XX3-4, a new signal at 156.95 ppm is present for the 
carbonyl carbon in the semicarbazone. An interesting discovery was that only for the N-
methylpyrrole semicarbazone (XX3-5) , the product existed as a mixture of syn and anti 
isomers. This was evident since there were two sets of signals showing in the 1H NMR 
and with nearly identical coupling constants (Figure A.1.21) . 
Having made the twelve target semicarbazones, a comparison of the color of the 
"light forms" in the pyridine series. Going from 2-substituted to 4-substituted, the "light 
form" is a darker color, going from grey to yellow to orange. Next their photochromicity 
was determined visually by dividing each semicarbazone into two portions in separate 
vials. One was stored on the benchtop (the "light form"), while the other one was 
wrapped in foil and stored in a desk drawer (the "dark form"). For all three pyridines and 
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the naphthalene semicarbazone, the dark form is usually visibly darker than the light form. 
The other sernicarbazones did not show obvious color change, despite repeated 
evaluations. 
Table 1.4: Colors (light form) and melting points of semicarbazones. 
semicarbazone Ar Color (light form) Melting point (C) 
XX2-8 4-pyridine orange 205-208 
XX2-19 3-pyridine Light yellow 208-210 
XX3-8 2-pyridine grey * 
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------· 
XX3-5 N-methylpyrrole-2- Reddish orange * 
XX3-9 Indole-3- orange * 
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------· 
XX3-4 2-thiophene Light pale yellow 
XX3-48 2-furan Clear brown 209-211 
XX3- l 7 I-naphthalene Pale greenish yellow 214-216 
XX3-19 9-anthracene Bright orange 225-228 
---- .. - .. -.. - .. - .. - ·. - --- .. - .. - .. -.. -.. -.. - . -- -. - .. - --- -. ---- --- -. - --- --- --- --- -. - .. - .. - .. - .. -.. - .. - .. - .. - .. - .. - .. - .. - .. - ·. - . -- .. - .. - .. - .. - .. - .. - .. - -. ---- --- --- ---
XXl-49 cinnamaldehyde Pale yellow 197-200 
XXl-50 
XXl-51 
o-methoxycinnamaldehyde 
p-methox ycinnamaldeh yde 
yellow 
yellow 
193-196 
195-199 
*: the amount of semicarbazone was too minimal to get the melting point 
It has been suggested that the photochrornicity phenomenon is related to electron 
transfer between molecule orbitals, usually from the HOMO to the LUMO. As electronic 
transitions can be measured by an UV-Vis spectrometer, the UV-Vis spectra of the 
sernicarbazones were obtained. Based on the previous study[311 , acetonitrile was initially 
chosen as the solvent, since it was polar enough to dissolve the semicarbazones but did 
not have any peaks from 250nm to 450nm. However, the UV- Vis spectra of the 
sernicarbazones dissolved in the acetonitrile did not show differences between the "light' 
and "dark" forms. In addition, some of the sernicarbazones made here were more 
nonpolar and did not show good solubility in acetonitrile, but showed improved solubility 
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in dichloromethane. In order to keep consistency between samples, a solvent mixture of 
1 : 1 dichloromethane and acetonitrile was used. 
In general, all the semicarbazones showed a moderate to intense absorbance in the 
220-230 nm region (Table 1.5). For the pyridine series, the location of the carbon chain 
off the ring did not have a significant effect on the wavelength of this absorption band. 
However, the location of a higher wavelength band did vary in the series, with 3-pyridine 
having the absorption at the shortest wavelength 311 nm, 2-pyridine at 316 nm, and 4-
pyridine at 323 nm. For the other heteroaromatic semicarbazones, furan- and thiophene 
semicarbazone showed an absorption at wavelength (330 nm and 327 nm respectively) 
longer than the cinnamaldehyde semicarbazone. With polycyclic aromatics, the highest 
absorption of naphthalene and anthracene were at 336 nm and 413 nm, respectively; 
once again, these were at a longer wavelength than cinnamaldehyde semicarbazone. This 
is expected as the aromatic system was extended and the wavelength for these semi-
carbazones was red- shifted to longer wavelengths. 
Table 1.5: Maximum absorption wavelengths and absorbance of the semicarbazone of 
the "light" form of semicarbazones (in 1 : 1 CH2Cb to Acetonitrile). 
Ar Amax(nm) 
4-pyridine 229 273 281 323 
3-pyridine 229 274 281 311 
2-pyridine 229 273 280 316 
lndole-3- 232 305 
2-thiophene 224 327 
2-furan 228 318 330 
I-naphthalene 229 273 336 
9-anthracene 229 413 
Cinnamaldehyde 228 311 
o-methoxycinnaldehyde 225 303 324 
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Evaluation of the photochromicity should requires measuring the UV-Vis the 
"dark" form. Table 1.5 compares the UV-Vis spectra of the "light" and "dark" forms. For 
7 out of the 10 compounds in Table 1.5, there were no measurable differences between 
the dark and light forms. There were some differences for the indole-3, a-methoxy-
cinnamaldehyde and 2-thiophene derivatives, with the thiophene showing a new peak at 
274 nm in the dark form relative to the light form. 
Photochromicity can also be manifested by differences in absorbance intensities 
between the light and dark forms. For each compound the ratio of the absorbance of the 
shorter wavelength to the longer wavelength was calculated, to find the relative 
absorbance changes. In this way, any solvent evaporation effects were corrected; 
comparing changes in the absolute absorbance would not take this into account. 
From Table 1.6, it can be observed that the lowest wavelength the absorbance 
increased going from the "light" to "dark" forms. except for the 2-furan and o-methoxy-
cinnamaldehyde semicarbazone derivatives; while the absorbances at all longer 
wavelengths decreased(except for the 2-furan derivative) . The discussed ratio changes 
below focus mainly on the ratio of the absorbance at the shortest wavelength to the 
absorbances at longer wavelengths. The results were compared to the known 
photochromic compounds, cinnamaldehyde semicarbazone and o-methoxycinnamald-
ehyde semicarbazone. Cinnamaldehyde semicarbazone showed a ratio of the shorter 
wavelength peak to the longer wavelength peak of -0.3 in the light form; however in the 
dark form the ratio increased to -0.6. a-Methoxycinnamaldehyde semicarbazone actually 
showed a significant decrease in the absolute absorbance for all three peaks; however, the 
ratio of the absorbances of the shorter wavelength peak to the longer wavelength peak did 
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no change much from the 'light" to "dark" form. Six of the synthsized semicarbazones 
examined behaved the same way as the cinnamaldehyde. 
Table 1.6: Absorption wavelengths of the "light" and "dark" forms of semicarbazones 4. 
Light form Dark form 
Ar 
Ratio* Ratio* Amax Absorbance Amax Absorbance 
229 1.293 229 1.418 
273 0.193 6.67 273 0.172 8.24 
4-pyridine 
281 0.192 6.73 281 0.170 8.34 
323 0.241 5.37 323 0.244 5.81 
229 1.714 229 1.916 
3-pyridine 274 0.301 5.69 274 0.273 7.02 281 0.317 5.41 281 0.291 6.58 
311 0.405 . 4.23 311 0.392 4.59 
229 1.711 229 1.804 
2-pyridine 273 0.432 3.96 273 0.400 4.51 280 0.427 4.01 280 0.396 4.56 
316 0.547 3.13 316 0.542 3.33 
Indole-3- 232 0.247 228 0.603 305 0.248 0.99 307 0.186 3.24 
224 0.258 222 0.255 
2-thiophene 274 0.628 
327 0.214 
2-furan 228 0.403 228 0.395 318 2.442 0.16 318 2.48 0.16 
229 1.340 229 1.474 
I-naphthalene 273 0.344 3.89 273 0.320 4.61 
336 0.340 3.94 336 0.332 4.44 
9-anthracene 229 1.713 229 1.910 413 0.077 22.25 413 0.073 26.16 
cinnamaldeh yde 228 0.588 228 0.960 311 1.983 0.296 311 1.602 0.599 
o-methoxy 225 1.166 231 0.712 303 2.423 303 1.467 
ci nnamal deh yde 324 2.626 331 1.657 
*: ratio= AA.shortest I A 
The 4-, 3-, 2-pyridine and indole sernicarbazones all showed the same trend with 
ratio of the peaks increasing from 5.37 in the light form to 5.81, from 4.23 to 4.59, from 
3.13 to 3.33 and from 1 to 3.2, in the "light" forms to "dark" forms respectively. The 
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polycyclic sernicarbazones showed the same trend in the ratio change, as for 1-
naphthalene and 9-anthracene, the ratio changes from 3.94 to 4.44 and from 0.296 to 
0.599, respectively. The 2-furan derivative did not show any change of the ratio which 
implies it is not photochromic. 
The photochrornicity of the cinnamaldehyde sernicarbazone was reported to be 
reversible, so to check this, after collecting the spectrum for the dark form of the 
sernicarbazone, the semicarbazone solution was placed in the light again. A comparison 
of the spectrum of the thiophene semicarbazone original "light" form, the "dark" form 
and a "back to light" form is shown in Figure 1.5. The new peak that appears in the dark 
form disappeared when it went back to the light form again. The absorbance of the "back 
to light" form is a little bit higher than the original, as the result of solvent evaporation 
over time. 
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Figure 1.5: UV-Vis spectrum of (E)-3-(2-thiophenyl)-prop-2-enal sernicarbazone XX3-4 
(light form, dark form, relight form). 
Recently, Lin published his results studying the photochromicity of 2-pyridine 
carboxaldehyde semicarbazone (Figure 1.6).(1 71 This compound differs from those in this 
study since it lacks the C=C between the ring and irnine. When Lin used ethanol as the 
solvent for his UV-Vis studies; it did not show an obvious change between "light" and 
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"dark" forms in the UV-Vis spectrum. However in dichloromethane, it did show a change 
in intensities of the peaks; the peak at 290 nm decreased while the peak at 338 nm 
increased. This parallels what was seen with some of the compounds in this study. To 
check this, the same compound was synthesized and characterized by UV-Vis. However, 
the spectrum did not change between "light" and the "dark" forms. This is because Lin 
irradiated the compound at 302 nm with a UV lamp and then monitored the UV-Vis 
spectra. Apparently visible light itself cannot convert this semicarbazones from one 
isomer to another. 
Figure 1.6 Lin's 2-pyridinecarboxaldehyde semicarbazone. [ 17l 
It is suspected that photochromicty phenomenon involves a change in the double 
bond stereochemistry. [l 7l Since the semicarbazone as a whole is conjugated, changing the 
stereochemistry of the double bond changes the electron distribution in the system and in 
this way, the photochromicity occurs. However, double bond stereo-chemistry can be 
detected by 1H NMR and 13C NMR spectroscopy, since the coupling constants for trans 
and cis isomers are different and since carbon chemical shifts are very sensitive to 
electronic environment. 
Taking solubility into consideration, DMSO-d6 was used as the solvent for NMR 
sample. However, no differences were observed from light form to dark form. In Lin ' s 
paper, they reported no significant changes between "light" and "dark" spectra, when a 
hydrogen-bonding solvent like EtOH or acetone was used, and so they used CDC13 
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instead. In this solvent, they reported that the -NH and -NH2 signals shifted significantly, 
an intermolecular hydrogen bond was possibly formed. 
DMSO is not a good solvent for the analysis of photochromicity here, since the 
semicarbazone can hydrogen bond to the DMSO. In CDCb, evidence for 
photochromicity was possibly seen in the 1H NMR of the naphthalene, since between 
"light" form and "dark" form there was a shift of one H signal. However, when the 
sample was put out in the light and then the NMR spectrum was re-aquired, the signal did 
not move back to the original place (Figure 1.7). 
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Figure 1.7: 1H NMR of XX3-17 anthracene semicarbazone(from top to the 
bottom: back to light, dark, light) 
Two explanations are possible. The first explanation was the effect of solvent 
evaporation. The amount of volatile solvent in the NMR tube decreased over time, 
changing the concentration and therefore the environment was not exactly the same, so 
the chemical shift of the H-bonded signal kept shifting downfield. The second 
explanation is that the process here is an irreversible process (not photochromicity), so 
the chemical shift of the H- bond did not move back to the original place. 
In order to identify the reason for the shifting H-bond signal, another 1H NMR 
sample was run, being sure to keep track of the solvent level. This time, the H-bond 
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signal did not shift, so the previous observed was concluded to be the result of 
evaporation of solvent. 
Conclusion: 
Nine semicarbazones have been synthesized via 3 steps with cumulative yields 
was from 15% to 52%. Four of them [(E)-3-(4-pyridinyl)-prop-2-enal semicarbazone,1321 
(E)-3-(2-pyridinyl)-prop-2-enal semicarbazone, 1331 3-(2-furanyl)prop-2-en-1-al semi-
carbazone,1341 (E)-3-(2-thiophenyl)-prop-2-enal semicarbazone)1351] have been made 
previously, but no mention of their photochromicity. The low yields are due to losses in 
the filtration through sand/Celite/silica gel after the Wittig reaction, losses in the flash 
chromatography purification, and losses in the recrystallization. Additionally, the 
purification and quality of the Wittig reagent might have affected the yield. 
In their "light" form, there were basically two main absorption bands, one from 
220 nm to 230 nm, and the other one around or above 300 nm. Substitution of a carbon 
with a nitrogen in the ring (the pyridine series) did not affect the absorbing wavelength as 
much as expected although the signal shifted to higher wavelengths with 3-, 2- and 4-
pyridines, to 311, 316 and 323 nm respectively. The 5-membered rings with an 0 or S 
displayed an absorption at a longer wavelength around 330nm, which was 19nm longer 
than in cinnamaldehyde semicarbazone. When there was two or three phenyls ring in the 
system, it shifted the absorption to a longer wavelength. 
When comparing the UV-vis spectrum of the "light" form to the "dark" form, all 
semicarbazones showed photochromicity except for the 3-(2-furanyl)prop-2-en-1-al 
semicarbazone and their photochromicity can be summarized in three ways; (1) the ratio 
of the peaks changed, as with cinnmaldehyde, pyridine series, indole, naphthalene, 
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anthracene semicarbazone, (2) all the absorbances greatly decreased for o-methoxycinn-
amaldehyde semicarbazone, or (3) a new peak appeared with thiophene semicarbazone. 
Further, thiophene semicarbazone was proven to display reversible photo-
chromicity, because when it was allowed to convert back to the light form again, the UV-
vis spectrum presented absorptions at the same wavelength as the light form. This can be 
an evidence for the reversibility of the photochromicity. 
The proton NMR of "light" and "dark" forms of the naphthalene semicarbazone 
displayed a different chemical shift of one H-bond signal, which might be an evidence for 
the rotation of the C=N bond. However, when the sample went back to the light form 
again, that signal did not shift back to the original place. Finally, this was confirmed as 
being a result of change in the concentration of the sample by a repeating the experiment 
and controlling the amount of solvent. Lin[ 171 and his colleagues were able to observe the 
photochromicity in their system by the 1H NMR. However, we could not with our 
semicarbazones due to their weak solubility in CDCh 
More time needs to be placed into growing good crystals of these compounds, so 
that the "light" and "dark" forms of structure can be determined by X-ray analysis. This 
will give an exact arrangement of structure, and confirm the change and space required 
for the photochromicity irradiation. In addition, the N-methylpyrrole semicarbazone 
should be explored more as they exist as syn, anti isomers. It would be interesting to 
investigate if the ratio of isomers changes between the "light" and "dark" form. Lastly, 
another non-photochromic compound like m-methoxycinnamaldehyde semicarbazone 
might be run for the UV-Vis to ensure that the changes in intensities are truly due to 
photochromicity, as the non-photochromic compound should not display this feature. 
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CHAPTER2 
SYNTHESIS OF EXTENDED CINNAMALDEHYDE SEMICARBAZONES 
Introduction: 
Based on a previous study[ I SJ of p-methoxyphenylpolyenals by Marshall, a longer 
conjugated system red-shifts the maximum absorption wavelengthO"max) . As the number 
of double bonds increase from 1 to 7, the absorption wavelength of p-methoxyphenyl-
polyenals shifted from 322 nm to 457 nm, with an increase of 30 nm for each double 
bond for the first several double bonds. As applied to this project on semicarbazones, 
hopefully this will give a more dramatic change between the "light" forms and "dark" 
forms of semicarbazones by shifting the Amax into the visible light region. The two Amax 
values of cinnamaldehyde semicarbazone were at 228 nm and 311 nm, and ideally, 
extending the polyene linker could shift the Amax to 390 nm. To make a semicarbazone 
with a longer ("extended") conjugated system, an aldehyde with a longer conjugated 
system needs to be made first. 
There are many ways to synthesize extended a,p-unsaturated aldehydes. 
Marshall[I SJ synthesized the extended a,p-unsaturated aldehydes by reacting 
benzaldehydes with an acetylenic enol ether Grignard as shown in Figure 2.1. 
d o (1)BrMg - OMe 0 H _(~3)=H=-+______ 2 H (2) LiAIH4 oN; 
Meo 523 Meo 
Figure 2.1 Synthesis of extended a,p-unsaturated aldehydes by Marshall.r181 
Another widely used method involves sequential Wittig reactionsr361l37l with a 
formylmethylene ylide reagent and an aldehyde to give the extended conjugated system. 
A great disadvantage of this is that the overall yield for this iterative process (Figure 2.2) 
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becomes lower as the number of double bonds increases. This was seen in this research 
group as well, in John Saathoff's work. His overall yield for (2£,4£)-5-phenylpenta-2,4-
dienal semicarbazone, where cinnamaldehyde was subjected to one Wittig condensation, 
was 55%; however when 2 sequential Wittig reactions were done to prepare (2E,4E,6E)-
7-phenylhepta-2,4,6-trienal semicarbazone, the overall yield decreased to 12%.[311 
0) ~O Wittig reagent ~O hydrolysis 
v 89% v 96% 
Wittig reag~t 
68% 
hydrolysis 
87% 
~ u ' ';) 0 
Figure 2.2 Sequential process to make extended conjugated aldehydes. 
For this work, a convergent approach (Figure 2.3) was investigated, where a 
conjugated ylide was made first and then bonded to the target aldehyde. This might give a 
higher overall yield and require less of the aldehyde starting material. 
Figure 2.3 Convergent process to make extended conjugated aldehyde. 
The synthesis of the conjugated ylide was based on the one used in the synthesis 
of phosphonolipids by Sunl201 (Scheme 2.1 ). 
(EtO)JP 
135"C 
92% 
TBDMSCI DIPHOS 
_/\_ DMAP/Et3N 
HO - OH 0 70 Yo 
_/\_ CBr/TH~ Br_;\_OTBDMS HO OTBDMS 92% 
2N H2S04 ~ _/\_ Me2CO ~ _/\_ 
(EtOh P OTBDMS 93% (EtOh P OH 90% 
Scheme 2.1: Sun's synthesis of phosphonolipidl201 precursor. 
In our research group, this method was first investigated by John Saathoff (Figure 
2.4). One end of the diol was protected with a TBDMS group as described, but he used 
thionyl chloride to provide the halide precursor to the Arbuzov reaction. The resulting 
phosphonate was hydrolyzed to deprotect the alcohol which was then to be oxidized to an 
aldehyde. The reason for the redesigned route from John's will be discussed later on at 
the individual steps. 
~ 90% ~ 
HO_/ '---OH_____.TBDMSO_/ '-OH 61% 
87% I 
' 0 o~ HO~ 73% ~11 
P,(OElb___ P,(0Eti2-TBDMSO P(0Et)2 
9 0 8 0 
Figure 2.4 Synthesis of extended unsaturated aldehyde via TBDMS protected diol. 
Overall the process started with a monoprotection of cis-2-buten-1,4-diol, to save 
one alcohol for a later oxidation to the aldehyde portion. The other alcohol would be 
converted to the phosphonate after substitution for the more reactive (better leaving group) 
halide. After the Arbuzov reaction, the protecting group was removed by acidic 
hydrolysis, which also converts the cis isomer to the trans isomer. The alcohol was 
oxidized to give the phosphonoaldehyde. (for full scheme, see page 42) 
Results and discussion: 
The first step was protecting one end of the diol (Scheme 2.2) with an acetyl (Ac) 
group.l38l Saathoff31l monoprotected the diol as a silyl ether, but this used an expensive 
chemical, TBDMSCI. In addition, the TBDMS group did not always stay on the structure 
in the next step (a chlorination). So in this research, a cheaper, more stable and easier to 
remove acetyl protecting group was chosen. 
t=\ Ac Sources t=\ 
HO_; \_OH - HO_; \_OAc 
5 6 
Scheme 2.2: Monoacetylation of cis-2-butene-1 ,4-diol. 
Different methods for the protecting step were explored before good yields were 
obtained, as shown in Table 2.1. 
Table 2.1: Monoacetylation conditions. 
reaction Acetate base Ratio Yield 
source (mono: di) (%) 
XXl-52 Ac20 irnidazole 2: 1 48 
xx 1-57 NaH 2: 1 47 
xx 1-63 Na 2: l 33 
xx 1-64 " n-BuLi 2: 1 58 
·--------------------------------------------------------------------------------------------------------------------------
xx 1-65 Ac Cl irnidazole 10: l 65 
Acetic anhydride was the first choice of the acetate source. In order to decrease 
the probability of diacetate formation, less than 1 equivalent of Ac20 was used, it was 
added dropwise, and the reaction was done in an ice bath. The excess diol used did not 
cause difficulties when the reaction was done, since it goes into the water layer during the 
extractions. The formation of the monoacetate was evident from the 1 H NMR spectrum 
by a new singlet observed around 2.3 ppm assigned to the methyl group of the acetate. 
Additionally, there were now two signals around 4.5 ppm to 6 ppm for the vinylic 
hydrogens instead of only one in the starting material. In the 13C NMR spectrum, two 
signals were now observed from 120 ppm to 135 ppm for vinylic carbons and a new 
carbonyl signal was seen at 171 ppm. If the diacetate were also formed, one more vinylic 
signal should be observed in 5.5 to 6 ppm region due to the symmetry of the structure. In 
order to determine product ratios, by considering the relative integrations of monoacetate 
to diacetate, the integral for the diacetate vinylic H should be divided by two since it 
represents the two hydrogens. The first trial (XX l -52) with Ac20 and imidazole did not 
show a high selectivity, giving a ratio of only 2 : l mono- to di- acetate(Figure 2.5). The 
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monoacetate had two vinylic signals at 5.84 and 5.63 integrating for about 1 H each, 
while the diacetate's vinylic signal was at 5.74 in the middle of the two vinylic signals for 
the monoacetate. The integration of the diacetate signal was 0.84, which was divided by 
2 to calculate ratio of 2 : 1. The ratio of mono- to di-acetate could also be determined 
from the methylene signals located - 4 ppm, but since the CH2 signals for the di-acetate 
overlapped one of the CH2 signals for the monoacetate, an integral for just the di- could 
not be measured. This also was the case for the methyl singlets located around 2 ppm. 
s~ 5E5 5fO 575 sro 5~ soo s~ 
Clwmcal Sl'lfi (=>-!)Ml 
Figure 2.5: 1H NMR spectrum of the XXl-52 showing poor selectivity. 
In the first attempt (reaction XXl-52 in Table 2.1), imidazole acted as a base to 
scavenge the acid formed as a byproduct of the reaction after the alcohol attacked the 
anhydride. Using a stronger base should give complete formation of the more 
nucleophilic alkoxide that would immediately react with anhydride. The anhydride would 
be consumed as soon as it is added, decreasing the opportunity for the other -OH group to 
attack, and lead to higher selectivity for the monoacetate. The reaction was conducted 
with the l equiv of the stronger bases NaH, Na and n-BuLi, but none of them gave a 
higher selectivity of the monoacetate. An attempt to separate the mono- and di-acetate by 
vacuum distillation was applied for XXl-52, but the mono and di-acetates came out 
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together with same ratio as the crude material. This might because at low pressure the 
boiling points are too close for effective separation. 
Since the poor selectivity could not be improved by varymg the nucleophilic 
component, improving the leaving group in acetate source was considered. Thus acetyl 
chloride was used instead of the Ac20, but the first trial with AcCl behaved the same as 
with Ac20 , giving a poor 2 : 1 selectivity. A second trial with AcCl and imidazole, where 
the AcCl was added slower than 0.2 mL/min, gave a much higher selectivity of 
monoacetate (10 : 1.5) and in a good yield of 65 % (Figure 2.6). The same conditions 
were repeated several times, and all of them gave high selectivity ranging from 5 : 1 to 
10 : 1 with yields of 40% to 72%. It was determined that the small amount of diacetate 
still present would not affect the later reactions in the scheme, since it was fully protected 
and will not react. Further purification was determined not to be necessary. 
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Figure 2.6: 1H NMR of XX 1-74 showing good selectivity using AcCl. 
The next step involved converting the remaining alcohol to a halide for the 
Arbuzov reaction. Saathoff had difficulties purifying the chloride and it did not give good 
results in the Arbuzov reaction, even though this reaction has been reported[201. So in this 
route, bromides and iodides were made instead of the chloride, since they are better 
leaving groups. The bromide was made first by reaction of the alcohol with CBr4 and 
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PPh3 [39l (Scheme 2.3) with yields ranging from 39% to 90%. The product was observed 
in the 1H NMR spectrum, as the CH2 in the alcohol at 4.28 ppm shifted to 4.04 (2H, d, 
1=8.07 Hz, 0.49 Hz) in the bromide. (see Figure A.1.24) 
CBr4 
/=\ PPh3 __/\_ 
HO_; L oAc -Br OAc 
6 7a 
Scheme 2.3: Synthesis of bromide 7a. 
The iodide was made instead of the bromide for three reasons. First of all, the 
bromide did not work well in the following step - the Arbuzov reaction. An iodide is a 
better leaving group than a bromide, so it should work better in an Arbuzov reaction. 
Secondly, the Ph3P=0 byproduct from bromination has a large molecular weight, a few 
moles of it results in a large mass contaminate. Additionally, triphenyl phosphine oxide is 
very soluble in the CH2Cb extraction solvent and cannot be removed easily. The last 
reason was the carbon tetrabromide ran out and it was costly to repurchase. 
Since direct conversion of an OH to an I is not trivial, the iodide was made in a 
two-step process via the reactive mesylate (Scheme 2.4). Methanesulfonyl chloride was 
used to make the mesylate (XX4-8) with Et3N added to absorb the HCl by-product. 
__;=\_ MsCI, NEt3 __;=\_ Nal ~ 
AcO OH 850, AcO OMs ~ AcO '--I 6 /0 6a JO 7b AcO_j\_O_j\_OAc 6b dimer 
Scheme 2.4: Preparation of iodide 7b via mesylate 6a from monoacetate 6. 
Unexpectedly, in the formation of the mesylate, there was a competitive reaction 
the formation of a dimer. After a molecule of the mesylate was formed, it had the 
opportunity to be attacked itself by the monoacetate starting material. The formation of 
the dimer could be limited by keeping the reaction temperature around 0°C in an ice bath. 
In addition, the concentration of monoacetate also plays an important role and should be 
kept lower than 0.5 g/20 mL to avoid dimer formation. The identification of dimer 
formation in the product was not easy, because only slight shifts in the signals are seen in 
the 1H NMR between the starting material and the dimer. Changing from an -OH to an 
OMs gave obvious downfield shifts of 0.6 ppm for the oxygenated methylene, but the 1H 
NMR of the XX4-6 dimer compared to the starting mono alcohol had shifts of just 0.1 
ppm. Additionally, the integrations for the dimer are the same as they are for the mono 
alcohol. From 13C NMR, two more signals located in the region of 124 ppm to 132 ppm 
indicated the formation of the dimer. The initial reactions gave the dimer in yields of 38% 
to 76%, compared to mesylate in 6% to 11 %, but by controlling the temperature and 
concentration, the yield of dimer decreased to 4%. 
After the formation of mesylate, the iodide was made by stirring the mesylate 
with NaI in a wrapped flask (iodide is light sensitive) for 2-3 hours. These two reaction 
steps (OH - OMs - I) should be worked up as soon as possible when they are finished, 
as both products are very reactive and hence unstable. The mesylate is a very good 
leaving group, and the iodide is a good nucleophile, so as long as the mesylate was made 
successfully, converting the mesylate to the iodide was easy with relatively high yields 
from 72% to 96%. In comparing the three 1H NMR spectra below, it is easy to see the 
differences, especially in one the CH2's among the monoacetate, the mesylate and the 
iodide in the stacked spectra (Figure 2.7). The other CH2 remains at the same shift. 
The -CH2 signal shifts downfield from 4.26 ppm to 4.88 ppm when the alcohol is 
converted to the mesylate, since the sulfonate group is more electron withdrawing than a 
hydrogen. This signal then shifts upfield to 3.94 ppm when mesylate is converted to the 
iodide, since the iodide is not nearly as electron withdrawing as the OMs group. When 
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Figure 2.7: 1H NMR spectra of alcohol (bottom), mesylate (middle) and iodide (top). 
referring to the 13C NMR spectra, the most obvious evidence for the formation of 
mesylate is the new signal at 38.11 ppm due to the methyl group on the sulfur. Also, the 
methylene signal shifts from 60.17 ppm (alcohol) to 64.80 ppm (mesylate), and then back 
to 52.57ppm (iodide) indicating the formation of mesylate and iodide. 
The halide was converted to the phosphonate by an Arbuzov reaction (Scheme 
2.5), involving heating at reflux a CH3CN solution of the halide and triethyl phosphite. 
HO~OAc - X~OAc 
6 7 X=Br/I 
Scheme 2.5: Synthesis of phosphonate by Arbuzov reaction. 
In the over 20 attempts with the bromide, only two of them showed the existence 
of the phosphonate as a major or minor product. Also adding Nal to the bromide to 
substitute the bromide with iodide in situ and improve the leaving group did not work any 
better. The phosphonate can easily be detected in the 1H NMR spectrum, due to 
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appearance of a distinctive doublet of doublets with a large H-P coupling constant of 
around 22 Hz (Figure 2.8). Additionally, signals for a quartet at 4.12 ppm and a triplet at 
1.34 are visible due to the ethoxy groups. 
2 97 J Jf, 9 87 
~ I i I ~ 
Figure 2.8: 1H NMR of phosphonate 8. 
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Since the Arbuzov reaction was not working with this bromide, a model reaction 
of allyl bromide (XX2-27) was carried out to see if the problem was with the reaction 
conditions or the specific bromide used. The allyl bromide gave the expected product in a 
high yield of 89%. The 1H NMR spectrum of this product had a doublet of doublets at 
2.62 ppm with a large coupling constant at 21.77 Hz and a doublet methylene signal in 
the 13C NMR spectrum at 62.04 ppm, due to C-P coupling. This result suggested that the 
synthesized bromide(l-acetoxy-4-bromo-2-butene) here is not suitable for this reaction. 
However, the Arbuzov reaction with iodide worked well with a yield of 65%. 
Besides the attempts above to make the phosphonate, a newer direct route to 
convert the alcohol to the phosphonate was tried (Scheme 2.6). 
Znl2 O 
/=\ P(OEt) 11__/\_ 
HO_/ '-OAc ____J (Et0)2P OAc 
6 Toluene 8 
Scheme 2.6 Direct synthesis of phosphonate 8. 
Based on Wiemer's paper[401 , an allylic alcohol can be directly converted to the 
phosphonate using a phosphite accompanied by Znh as a catalyst. The yields reported for 
converting an allylic alcohol to a phosphonate ranged from 21 % to 81 %. Applying this 
method to this project to make the phosphonate would mean fewer steps were required. 
However, this method did not work well here, as the reaction gave a complicated 1H 
NMR spectrum, with no expected product . The spectra indicated that the acetyl group 
was lost and the cis double bond partially isomerized to the trans. This might be because 
in the paper, no acetyl protecting groups were present in the alcohols used. 
In addition, since the synthesis of the phosphonate from the bromide was 
unsuccessful, synthesis of a phosphonium salt was tried(XX2-21 ), however, this did not 
work, either. 
The phosphonyl acetate was hydrolyzed in an acidic environment (Scheme 2.7) to 
liberate the remaining OH group, with yields of 14% to 47%. Taking the limited 
solubility of the phosphonate in water into consideration, acetone was used as solvent 
since it is mixable with water yet dissolves the phosphonate. After the deprotection, the 
disappearance of the methyl singlet around 2 ppm in the 1H NMR supports the formation 
of alcohol. In addition, the vinylic hydrogen signals become two separate signals at 6.00 
ppm and 5.61 ppm rather than two overlapped signals at 5.75 ppm. Finally, the -CH2 
shifts upfield and is hiding in the -CH2 signal from the ethoxy groups. The acidic 
hydrolysis also caused the all cis isomer to turned to trans, due to the presence of only 
one set of vinylic hydrogen signals with a coupling constant around 16Hz. 
0 
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Scheme 2.7: Deprotection by hydrolysis. 
Initial attempts to oxidize the phosphonoalcohol to an aldehyde were made using 
pyridinium dichromate (Scheme 2.8). After several hours of stirring, the reaction mixture 
was filtered and the solid washed three times with CH2Cb. The filtrate was collected and 
the solvent removed, but based on 1H NMR spectra, it contained only starting material. 
The focus turned to using Mn02 as the oxidant, but Mn02 did not work either even after 
the Mn02 was freshly preparedr411 . It was thought that the failure of the aldehyde 
formation might be resulting from impurities present in the alcohol. The alcohol was 
purified by flash chromatography with a 4.5 : 5.5 ratio of acetone to hexanes, and the 
oxidation of the pure phosphono alcohol using PDC worked with a yield of 52%. From 
the 1H NMR spectrum, an aldehyde proton signal appeared at 9.57 ppm as a doublet of 
doublet; and in the 13C NMR spectrum a new signal appeared at 192.95 ppm appeared. 
Scheme 2.8: Oxidation of phosphonoalcohol 9. 
There are several ways to use the prepared aldehyde to eventually prepare a semi-
carbazone. First, the phosphonaldehyde could be used directly in a HWE reaction with an 
aromatic aldehyde. But in this reaction, the phosphonate might attack itself at the 
carbonyl group, to give 6-phosphono-2,4-hexadienal. 
H 
<;? _ ~ cinnamaldehyde ~osemicarbazide ~N,N-...,.,,- NH2 (EtO )iP~H v v ~ 
10 12 13 
Scheme 2.9 Synthesis of semicarbazone-method 1. 
Two other methods can be tried. The phosphonoaldehyde can be reacted with the 
semicarbazide to form a phosphono semicarbazone firstr421 , and then attach this whole 
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unit directly to an aromatic ring. 
Scheme 2.10 Synthesis of semicarbazone-method 2. 
A third method (Scheme 2.10) would be to convert the carbonyl to an mune 
before doing the HWE reaction, and afterwards hydrolyze the mune back to the 
aldehyde. [201 
o ('11) cinnamaldehyde 
(EtO) P :::,... " AJ base ~"': :::,... " O 2 ~ N 2) hydrolysis I 
11b .& 12 
Scheme 2.11 Synthesis of semicarbazone-method 3. 
There is no literature reference for the first method; while for the second method, 
phosphonate semicarbazones have been made and used in HWE reactions, but this exact 
phosphonate has not been reported. Only the third method has literature precedence being 
used by Sun with exactly same phophonate here with a good yield of 100%. 
Conclusions: 
In order to be more efficient, a convergent route (Scheme 2.11) was developed 
here to prepare extended conjugated aldehydes instead of a sequential route. 
/='\ Ac Sources /='\ _/\_ 
HO_;S , '-OH 823 H0_; 6 \_ OAc - X - OAc 
7 X=Br/I 
i31 % 
0 0 0 0 II - II II H20 11_/\_ (EtO)zP~---;;- (EtO)zP~OH47o/. (EtO)zP OAc 
10 H 52 Vo 9 o 8 
Scheme 2.11 Synthesis of extended linker system. 
Br: 81% 
1: 61% 
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Monoprotection of 1,4-butenediol gave a high selectivity ( 10 : 1.5) of the 
monoacetate product 6 in yields from 36% to 82% when using acetyl chloride, while 
acetic anhydride did not show good selectivity at all. Brornination of the monoacetate 6 
using CBr4 gave a relatively high yields (up to 81 % ), but since the bromide 7a did not 
work well in the next step (Arbuzov reaction) and the difficulty in removing the 
triphenylphosphine oxide byproduct, focus shifted to making the iodide 7b. The iodide 
7b was made via the mesylate with a yield of 85% for the mesylate 6a, and 72% for the 
iodide 7b. The Arbuzov reaction 8 and hydrolysis 9 reaction that followed worked, but in 
low yields, 31 % and 47% respectively. The oxidation 10 worked with pure alcohol and 
PDC with a yield of 52%, but failed with Mn02. The overall cumulative yield for the 6 
steps is 32 %. This route was carried out with up to lOg of 3-buten-1,4-diol, though a 
large enough round bottom flask would be required in the mesylation step. The whole 
time required for this route can as short as 4days and requires only one purification 
before the oxidation step. 
It is not an ideal route, but worth further improvement it should give a higher 
cumulative yield and provide sufficient amounts of the phosphono aldehyde to build 
extended cinnam aJdehydes. 
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CHAPTER3 
SYNTHESIS OF ARYL SEMICARBAZIDES 
Introduction: 
Besides varying the aromatic ring portion and making a longer conjugated system, 
substituting the H on the terminal -NH2 for an aromatic ring on cinnamaldehyde 
semicarbazone was also explored to investigate how structural changes affect the 
photochromicity. Additionally, this would allow putting different groups off the ring 
systems at either end of the molecule, to make a "push-pull" type of system where one 
end of the molecule has an electron withdrawing group and the other end has an electron 
donating group. "Push-pull" systems are widely used in nonlinear optics due to their 
ability to enhance electron transport in the molecule, as in Devi' sr43l preparation of 
triazine based materials with a nitro group at the one end and an amino pyrazole group at 
the other. This hasn't been used as much with photochromic materials, but there are some 
reports such Fonseca'sf44l synthesis and characterization of novel diazenes with pyrrole, 
thiophene and thiazole heterocycles as nonlinear optical and photochromic chromophores. 
Generally, there are two typical ways to synthesize semicarbazides. One method 
is to react hydrazine with an isocyanate. Due to the high reactivity of the isocyanate, this 
is the most efficient and direct way to synthesize a semicarbazidef45l (Figure 3.1). 
Figure 3.1 Synthesis of semicarbazide by isocyanate. 
However, their reactivity makes isocyanates hazardous chemicals that are difficult 
to store and requires low reaction temperatures (-60 °C) to prevent dangerous reactions. 
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The second method (Scheme 3.1) involves a two step procedure to synthesize the 
semicarbazide via an urea from an aniline. The aniline is reacted with sodium cyanate in 
the presence of glacial acetic acid to give an urea[46l, which is converted to the 
semicarbazide by heating with a solution of hydrazine[47l. The first step involves attack of 
the nitrogen atom by the aniline on the carbonyl of cyanate. The acidic condition 
activates the NCO- group to give the reactive [O=C=NH2t species that when attacked by 
amine goes to the urea. The second step involves a transamidation of the -NH2 group by 
hydrazine with the formation of NH3. Since the -NH2 group is not a good leaving group, 
this step requires prolongued heating to get good yields. 
H H H 
H2N'O NacNo HzN NC H NNH N N 
:? f-R glacial AcOH n :? .!....R 2 2 source HzN' [( ~R 
::::.__ Q ::::.__I Q v 
11 12a 13 
Scheme 3.1 Synthesis of semicarbazides via the urea. 
Results and discussion: 
Three ureas were synthesized from commercially available anilines (Table 3.1). 
Table 3.1: Yields and melting points of phenyl ureas. 
Urea R 
XX:l-1 H 
XXl-3 4-methoxy 
XX:l-5 2,5- dimethoxy 
Yield 
68% 
90% 
84% 
M.p.('C) 
143-146 
150-157 
157-160 
Overall , this step was carried out successfully, both in the yield and the purity. In 
the 1H NMR spectrum of XXl-1 , two broad H-bonded signals are seen at 5.94 ppm and 
8.59 ppm, integrating for two hydrogens and one hydrogen, respectively, for the -NH2 
and the -NH- groups. In comparison to the 1H NMR spectrum of the aniline starting 
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material, all the aromatic signals shifted downfield by at least 0.25 ppm. More evidence 
comes from the 13C NMR spectrum with a new signal at 156.37 ppm corresponding to the 
carbonyl carbon. There is similar evidence for the formation of ureas with the methoxy 
derivatives XX:l-3 and XXl-5. 
The ureas were analyzed by IR spectroscopy. In the Nujol IR spectrum (Figure 
3.2), the aniline starting material showed two sharp peaks above 3000 cm-1• However, the 
urea shows additional signals past 3000 cm-1• Also, a new peak at 1664 cm- 1 indicates the 
C=O from urea. The ureas were determined to be pure by melting point, as the melting 
point ranges are all within 3°C. 
"' u c: 
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Figure 3.2: IR spectra of the aniline (left) vs urea (right) (XXl-3). 
For the second step, the original procedure[47l described treating the urea with an 
aqueous hydrazine solution in 80% ethanol and heating at reflux for 12 hours. The 
checker's notes say the purchased hydrazine solution can be replaced by dissolving 
hydrazine sulfate in a sodium hydroxide solution. The first several attempts were carried 
out using hydrazine monohydrochloride under various conditions (Table 3.2.1), with 
sodium hydroxide (4 equiv) (XXl-9) and without NaOH (XXl-11). However, neither of 
them gave complete conversion. The 1H NMR spectrum of XX:l -9 gave two sets of 
signals with a 1 : 0.34 ratio, where the aromatic signals in the minor set fit the reported 
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1H NMR data for phenyl semicarbazide at 7.9 ppm, 7.2 ppm, 6.9 ppm. Therefore, the new 
set of signals are from phenyl semicarbazide, the expected product. The signals from the 
major component were from the starting material. The 1H NMR spectrum of XXl-11 
gave two sets of signals as well, one that belongs to the urea starting material, and a set 
different from those in XX 1-9. While the ratio of these two signals is almost 1: 1 in the 
spectrum of the XXl-11 , the baseline was not straight, so it's hard to tell exactly how 
much product was obtained. Since neither of these two conditions gave complete conver-
sion of urea to the semicarbazide, another attempt (XX 1-16) was made using a few drops 
of cone. HCI. The reaction is an equilibrium reaction and it was thought that adding HCl 
would remove the NH3 byproduct, and shift the equilibrium to the product side. 
Additionally, the HCI can act as a catalyst to improve the reactivity of the urea carbonyl. 
The problem with using too much acid is that it will protonate the hydrazine so that it 
won' t attack the carbonyl group in the urea. However, adding HCl did not work, and a 
solid was observed around the joint between the round bottom flask and condenser. By 
1H NMR analysis, this solid was the phenyl urea starting material. This is surprising since 
the boiling point of phenyl urea is reported to be 238°C[481 . However, the reaction 
temperature was only 78°C (the boiling point of the solvent ethanol). 
Table 3.2.1: Initial semicarbazide synthesis with solid hydrazine monohydrochloride . 
Urea 
XXl -9 
XXl-11 
XXl-16 
additives 
NaOH(lequiv) 
cat.HCI 
Since in the previous attempts, the solid hydrazine salt did not completely 
dissolve, the incomplete reaction might be a result of the unavailability of this reagent. 
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The next approach was to conduct a solvent analysis (Table 3.2.2). So three different 
ratios of aqueous ethanol were investigated to see how they affect the solubility and 
affect the results of the experiment. Based on TLC analysis, all of them show the same 
dots, and none of them show complete conversion. So it seems unlikely that the choice of 
solvent greatly affects the synthesis of the semicarbazide. 
Table 3.2.2: Solvent effects on semicarbazide synthesis. 
Urea solvent 
XXl-18 50% ethanol 
XXl-19 95% ethanol 
XXl-20 100% ethanol 
However, it was thought that the incomplete conversion could also be related to 
the solubility of the hydrazine monohydrochloride, so the next few attempts were 
conducted by adding the hydrazine monohydrochloride as a solution in 80% ethanol to 
the reaction rather than as a solid (Table 3.2.3). The first trial to make a hydrazine 
monohydrochloride solution was carried out by mixing with 0.5477g H2NNH2· HCl in 2 
mL absolute ethanol. Water was added to this, keeping track of the amount, until after 
adding 1.4 mL of water a transparent solution was obtained. This solution was used for 
the next reaction. However, comparing the 1H NMR spectra of XXl-27 and XXl-11, 
XX1-27(Figure 3.3) gave the same two sets of the signals plus a few additional minor 
peaks. When the same reaction was tried again with a solution of NaOH (rather than solid 
NaOH), it gave a more complicated spectrum. This spectrum has the same two sets of 
signals as with XXl-27 and XXl -11; however, a third set of signals was also present, two 
of which shifted significantly upfield, a triplet of triplet at 6.5ppm and a doublet of 
doublet of doublets at 5.58ppm. These three signals are new, making XXl-29 different 
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from the previous results. When pyridinium p-toluenesulfonate was added in addition to 
the NaOH to the reaction as the additive as well (XX 1-32), only the urea, starting 
material, was present. 
Table 3.2.3: Semicarbazide synthesis using hydrazine monohydrochloride solutions. 
I 
A 
10 
Urea 
XXl-27 
XXl-29 
XXl-32 
9 
_ J_ _ 
8 
additives 
NaOH ethanol solution 
NaOH ethanol solution, PPTS 
--- l _J _J_ - - - -- __l__ _ 
7 6 5 (ppm] 
Figure 3.3: 1H NMR of XXl-1 (urea starting material) and reactions XXl-9, XXl-27, 
XX 1-29, XXl-35, XXl-36 (bottom to top). 
More forceful conditions, namely, increasing the pressure of the reaction, by 
carrying out the reaction in a pressure flask was tried (XX 1-24), but based on TLC 
results, it was still mainly starting material. Other variations were tried, as shown in 
tables E.2 and E.3 in the experimental, but none gave the desired product. 
It was decided to go back to the original Organic Synthesis procedure and use 
hydrazine sulfate instead of the hydrazine monochloride. Hydrazine sulfate was used with 
different equivalents of either solid sodium hydroxide or sodium hydroxide solution 
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(Table 3.3.1). But unfortunately, all behaved as m prev10us experiments, g1vmg 
incomplete conversion of the urea. 
Table 3.3.1: Semicarbazide synthesis with hydrazine sulfate. 
Urea 
XXl-35 
XXl-37 
XXl-59 
Additives (equivalents)* 
NaOH (2 equiv) 
NaOH (1 equiv) 
NaOH(aq)(l equiv) 
*:based on the mole of hydrazine sulfate 
Since the solid crude material did not contain the expected product, and the ratio 
of heteroatoms to carbons in the product is 4 : 7, this implies the product might be water 
soluble. So, the filtrate was rotatory evaporated to get rid of the solvent and analyzed by 
1H NMR. The filtrate was a mixture of the starting material and product (XXl-70) or just 
starting material (XXl-59, XXl-60) . 
Since the 1H NMR spectra for these reactions showed many different components 
between samples, and the fact that some peaks may be shifting due to H-bonding, it was 
difficult to determine exactly what was occurring. The challenge is made more complex 
by the fact that the only new signal for the semicarbazide is also a H-bonding signal. To 
get a better handle on how many species exist in each sample and their relative amounts, 
HPLC analysis was carried out on samples XXl-l(the urea), XXl-39 and XXl-27 since 
they all had different 1H NMR spectra. The HPLC results make it clear that in both 
samples, the starting material, phenyl urea, is the major component. This conclusion was 
reached by comparing retention times to that of a sample of only phenyl urea (peak at 4.3 
min)(Table 3.4). Both samples showed two additional peaks at 3.3 min and 3.7 min, 
which meant they contain the same major components, despite differences in their NMR 
spectra. The peaks' areas reported are at 226nm, which is the Amax of phenyl urea. But 
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since a diode array detector was used it was found that the Amax of the peak at 3.3min was 
242nm, while Amax of the peak at 3.7 min was 248nm. 
Table 3.4: HPLC analysis of semicarbazides. 
Peak areas 
sample 
3.3min 3.7min 4.3min 
xx 1-27 30691 76224 1083484 
xx 1-39 17661 26989 307132 
Since the synthesis of the semicarbazides did not work well from ureas, a 
modified synthetic pathway was carried out, where a carbamate was used instead of urea 
(Scheme 3.2). It should be easier to make a semicarbazide from carbamate than urea, 
since the carbamate contains a better leaving group (an alcohol) than the urea (an amine). 
H2N'O NaH 
c_ R ethyl chloroformate, 
~ ' fresh ethyl ether 
11 
Scheme 3.2 Synthesis of the phenyl semicarbazide via the carbamate. 
The first attempt to make carbamate using K2C03 and chloroethyl formate in dry 
THF did not give ethyl N-phenylcarbamate. In the second attempt, a stronger base (NaH) 
was used instead of the K2C03, and this gave a 95% yield of the carbamate. The 
formation of the carbamate was evident based on the the new NMR 1H signals at 4.12 
(2H, q, J=7.09Hz) and l.23(3H, t, 7.09Hz) for the ethyl group in the 1H NMR spectrum, 
as well as the signal at 154.22 ppm in the 13C NMR spectrum. 
In the next step, the carbamate was converted to the semicarbazide by adding 
hydrazine sulfate as done previously. The semicarbazide was formed as evidenced by the 
49 
chemical shift of the aromatic signals and the disappearance of signals for the ethyl group. 
The aromatic Hs shifted from 6.93 ppm to 6.69 ppm, 7.37 ppm to 6.25 ppm, 6.61 ppm to 
6.12 ppm, respectively. The disappearance of ethyl group, and the obvious chemical 
shifting was also noticed in the 13C NMR. After the semicarbazide was made, it was 
condensed with cinnamaldehyde. The crude "product" was not pure and gave a 
complicated 1H NMR spectrum. The crude product was recrystallized from 95% ethanol, 
however it was lost in the recrystallization procedure. 
Conclusion: 
The synthesis of the three phenylureas worked very well both in yield (68% to 
90%) and in purity (melting point ranges of less than 3°C). But the synthesis of 
semicarbazide from the urea was very troublesome, and despite 25 attempts and 
exploring many variables, complete conversion from urea to semicarbazide was not 
achieved. It is hard to tell the product by NMR, because the NMR spectrum varied from 
each attempt, and there was only 1 new signal in the 1H NMR and shifting of signals in 
the 13C NMR. The HPLC analysis of two samples proved that the main component was 
still starting materiaJ with traces of other two compounds. It also showed that samples 
that gave the same HPLC trace did not give identical NMR spectra. 
So instead of preparing the semicarbazide via the phenyl urea, a carbamate was 
targeted instead. This requried a strong base(NaH) and dry solvent but gave a good yield 
of 96%. The carbamate was converted to the semicarbazide successfully with a low yield 
of 23%. When condensing the semicarbazide to the semicarbazone, the material was lost 
in the recrystallization. 
EXPERIMENTAL 
General Experimental: 
Reactions were stirred under N2 or Ar atmosphere in oven or flame dried round-
bottom flasks. Toluene and CH2Cb were stored over 4-A molecular sieves. THF was 
distilled from sodium/benzophenone or CaH2 and stored over 4-A molecular sieves. 
CH3CN and triethylamine were distilled from CaH2 and stored over 4-A molecular sieves. 
Fresh Mn02 was made from MnS04 and KMn04 with the assistance of aq. Na0Hr411 . The 
TLC plates used were EMD Chemicals aluminum-backed F254 Si02 gel plates, and UV 
light, iodine, and/or vanillin solution were used as visualization methods. Flash 
chromatography was performed with ethyl acetate/hexanes or acetone/hexanes using 60-
200 mesh or 230-400 mesh Fisher Si02 gel. NMR spectra were obtained on a 400 MHz 
Bruker Avance II-NMR spectrometer, using Sigma-Aldrich chloroform-d 99.8% D, 
containing 0.03% (v/v) TMS. 1H NMR signals were referenced to TMS, while 13C NMR 
signals were referred to the residual solvent peak. An external 85% aqueous H3P04 
sample was used as reference for 31 P spectra. Additionally the 1H and 13C NMR spectra 
for semicarbazones were obtained using Sigma-Aldrich DMSO-d6 or acetone-d6 and 
referenced to residual solvent peaks. NMR spectra were processed using Bruker's 
TopSpin and/or ACD's NMR Processor software. UV-Vis spectra were obtained on a 
Agilent Cary Series UV-Vis dual beam Spectrophotometer over a range of 800 nm-190 
nm. IR analysis was done for ureas with Nujol on an AVATAR 360 FT-IR. HPLC 
analysis was done on a Hitachi Chromaster using 100% CH3CN at a flow of 1.00 rnL/min 
using an Adsorbosil Cl85 µrn column at 40°C, and monitoring peaks with a diode array 
detector. Melting points are uncorrected. The percent yield for the bromide, mesylate, 
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iodide, phosphonate, phosphonoalcohol, and phosphonoaldehyde were adjusted to reflect 
the presence of impurities in the sample, using integrations from the 1H NMR spectra. 
General Procedure for Wittig reaction 
To a 50mL round bottom flask, Wittig reagent, 18-crown-6-ether, anhydrous 
potassium carbonate and 20mL CH2Cb was added. The carboxaldehyde was added and 
the reaction was heated at reflux for 24 hours. The reaction mixture was filtered through 
sand and Celite followed by the sequential addition of 20mL acetone, 20mL ether and 
three portions of 40mL hexanes. After rotary evaporation, crude product was obtained 
and purified by flash chromatography. 
Preparation of (Z/E)-4-[2-(l,3-dioxolan-2-yl)vinyl]pyridine (XXl-72) 
The reaction with 4-pyridinecarboxaldehyde (1.0367g, 0.00969mol, leq), XX1-
62(3 .7199g, 0.00866mol, 0.89eq), 18-crown-6-ether (0.9456g, 0.00358mol, 0.37eq) and 
anhydrous potassium carbonate(4.4156g, 0.032mol. 3.3eq) gave 2.0563g crude product 
with a 3 : 2 ratio of cis to trans isomer. Purification by flash chromatography (EtOAc : 
hexanes = 3 : 1) gave 0.8880g of a colorless oil. (58%) 1 H NMR: Cis-: <5 8.56(2H, dd, 
J=l.72Hz, 5.20Hz), 7.25(2H, dd, J=l.8Hz, 6.2Hz), 6.68(1H,d, J=l 1.7Hz), 5.86(1H, dd, 
J=7.3Hz, l l.7Hz), 5.43(1H, dd, J=l.OHz, 7.3Hz), 4.07(2H, m), 3.95(2H, m ); trans-: 8 
8.53(2H, dd, J=l.7Hz, 5.28Hz), 7.28(2H, dd, J=l.8Hz, 6.2Hz), 6.70(1H,d, J=l6.1Hz), 
6.37(1H, dd, J=5.5Hz, 16.0Hz), 5.43(1H,dd, J=l.OHz, 5.6Hz), 4.07(2H, m), 3.95(2H, m ); 
13C NMR: 8 150.21(2C), 149.83(2C), 143.21(2C), 143. l 1(2C), 132.86, 132.04, 131.92, 
123.47, 121.27, 102.85, 99.16, 65.30(2C), 65.18(2C) 
Preparation of (Z/E)-2-(1,3-dioxolan-2-yl)vinyl-4-pyridine (XX2-10) 
The reaction with 4-pyridinecarboxaldehyde(l.0308g, 0.00962mol, leq) and 
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Wittig reagent XX 2-2 (3.6322g, 0.00846mol, 0.00846eq) gave a 1.6942g crude product 
with a 1 : 3 ratio of cis to trans isomer. Purification by flash chromatography (EtOAc : 
hexanes=3 : 1 ) gave 0.597 lg of product (40% ). 
Preparation of (Z/E)-2-(1,3-dioxolan-2-yl)vinyl-3-pyridine (XXl-75) 
The reaction with Wittig reagent XXl-62 (2.6253g, 0.00612mol, 0.81eq), 18-
crown-6-ether(O. 7936g, 0.00300mol, 0.401 eq), anhydrous potassium carbonate( 4.1446g, 
0.030 mol, 4.0leq) and 3-pyridinecarboxaldehyde(0.8007g, 0.00748mol, leq) gave 
0.8103g of crude product with a 2 : 1 ratio of cis to trans isomer. Purification by flash 
chromatography (EtOAc : hexanes= 5.5:4.5) gave 0.7412g of product (68%). 1H NMR: 
cis-: 8 8.64(1H, s), 8.54(1H, dd, 1=4.89, l.47Hz), 7.72-7.65(1H, m), 7.36(1H, dd, 
1=7.83Hz, 4.90Hz ), 6.79(1H, d, 1=11.74), 5.87(1H, dd, 1=11.74Hz, 7.30Hz), 5.46(1H, dd, 
1=7.21Hz, 1.35Hz), 4.11-3.93 (4H, m). trans-: 8 8.64(1H,s), 8.52(1H, d, 1=4.89Hz, 
1.71Hz), 7.72-7.65(1H, m), 7.32(1H, dd, 1=7.83Hz, 4.90Hz), 6.79(1H, d, 1=16.14), 
6.26(1H, dd, 1=16.14Hz, 5.60Hz), 5.46(1H, dd, 1=7.21Hz, 1.35Hz), 4.11-3.93 (4H, m); 
13C NMR: 8 154.82, 152.16, 149.91, 149.39, 148.85, 148.79, 136.05, 135.79, 131.08, 
130.10, 127.58, 123.50, 124.09, 123.14, 100.30, 99.31, 65.28(2C), 65.16(2C). 
Preparation of (Z/E)-2-[2-(l,3-dioxolan-2-yl)vinyl]pyridine (XX2-11) 
The reaction with Wittig reagent XX2-2(3.2907g, 0.00766mol, 0.83eq), 18-
crown-6-ether(0.9772g, 0.00370mol, 0.400eq), anhydrous potassium carbonate(3.8099g, 
0.02761 mol, 2.99eq) and 2-pyridinecarboxaldehyde(0.9876g, 0.00922mol, leq) gave 
1.0941g of a 1 : 1 ratio of cis to trans isomer. Purification by flash chromatography 
(EtOAc : hexanes=3 : 7 ) gave 0.8705g of product (54% ). 
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Preparation of (Z/E)-2-[2-(l,3-dioxolan-2-yl)vinyl]pyridine (XX2-29) 
The reaction with Wittig reagent XX2-24 (3.615lg, 0.00842mol, 0.89eq), 18-
crown-6-ether (0.874lg, 0.00330mol, 0.35eq), anhydrous potassium carbonate (3.946lg, 
0.02859 mol, 3.03eq) and 2-pyridinecarboxaldehyde (1.0lOlg, 0.00943mol, leq) gave 
l. l 622g of a 5 : 4 ratio of cis to trans isomer. Purification by flash chromatography 
(EtOAc : hexanes= 3 : 7) gave 0.4794g of product (32% ). 
Preparation of (Z/E)-2-(1,3-dioxolan-2-yl)vinyl-2-pyridine (XX2-46) 
The reaction with 2-pyridinecarboxaldehyde(l.0954g, 0.01023mol, leq), Wittig 
reagent XX2-31(4.4738g, 0.01042mol, l.02eq), 18-crown-6-ether(0.9059g, 0.00343mol, 
0.33eq), K2C03 anhydrous(4.2269g, 0.03063mol, 3.00eq) gave 0.7022g product with a 6 : 
4 ratio of cis to trans isomer (39%). 1H NMR: trans: 8 8.60(1H, ddd, J=0.98Hz, l.71Hz, 
4.89Hz), 7.69(1H, td, J=l.71Hz, 7.82Hz), 7.40(1H, d, J=7.82Hz), 7.21(1H, td, J=l.22Hz, 
5.02Hz), 6.90(1H, d, J=15.89Hz), 6.67(1H, dd, J=5.63Hz, 15.90Hz), 5.55(1H, dd, 
J=5.63Hz, 0.74Hz), 4.11-3.96 (4H, m); cis: 8 8.65(1H, d, J=0.73Hz, l.71Hz, 4.15Hz), 
7.69(1H, td, J=l.71Hz, 7.82Hz), 7.40(1H, d, J=7.83Hz), 7.21(1H, d, J=0.98Hz, 3.91Hz), 
6.67(1H, dd, J=l 1.98Hz), 6.18(1H, dd, J=0.74Hz, 7.34Hz) 5.90(1H, dd, J=7.33Hz, 
l 1.98Hz), 4.11-3 .96 (4H, m); (XX2-29 spectrum) 13C NMR: 8 154.41, 149.35, 124.75, 
122.58, 103.09, 65.19, 65.08. 
Preparation of (Z/E)-2-[2-(l,3-dioxolan-2-yl)vinyl]thiophene (XX2-30) 
The reaction with Wittig reagent XX2-24 (3.6122g, 0.00841mol, 0.98eq), 18-
crown-6-ether (0.6785g, 0.00257mol, 0.30eq), anhydrous potassium carbonate (3.9192g, 
0.02840 mol, 3.30eq) and 2-thiophenecarboxaldehyde(0.8mL, 0.00856mol, leq) gave 
0.7232g mixture of 4 : 1 ratio of aldehyde to acetal. Since the triphenylphosphine oxide 
54 
signals are on top of the acetal aromatic signals only the double bond and acetal signals 
are reported (NMR data in XX2-38). For acetal: 1H NMR: 8 6.91(1H, dd, J=l5.65Hz, 
0.49Hz), 6.0l(lH, dd, J=l5.65Hz, 5.9Hz), 5.42(1H, d, J=5 .9Hz), 4.08-3.94 (4H,m) 
Preparation of (Z/E)-2-[2-(l,3-dioxolan-2-yl)vinyl]N-methylpyrrole (XX2-35) 
The reaction with Wittig reagent XX2-24(2.5259g, 0.00588mol, 0.76eq), 18-
crown-6-ether (0.5307g, 0.0020lmol, 0.29eq), anhydrous potassium carbonate(2.8972g, 
0.02099mol, 3.02eq) and N-methylpyrrole-2-carboxylaldehyde (0.7569g, 0.00694mol, 
leq) gave 0.5977g crude product with a 3 : 2 ratio of cis to trans isomer. Purification by 
flash chromatography (EtOAc : hexanes= 2.5:7.5) gave 0.072 lg product as trans 
aldehyde (8%). 1H NMR: 8 9.58(1H, d, J=7.8), 7.35(1H, d, 1=15.4), 6.88(1H, t, 
J=l.96Hz), 6.78(1H, dd, J=4Hz, l.6Hz) , 6.48(1H, dd, J=l5.4Hz, 7.8Hz), 6.26(1H, dd, 
J=4Hz,2.6Hz), 3.79(1H, s). 
Preparation of (Z/E)-3-[2-(l,3-dioxolan-2-yl)vinyl]indole (XX2-40) 
The reaction with indole-3-carbaldehyde(l.0191g, 0.00702mol, 1.00eq), Wittig 
reagent XX2-31(2.4639g, 0.00574mol, 0.82eq), 18-crown-6-ether (0.6868g, 0.00260mol, 
0.370eq), anhydrous potassium carbonate (2.9156g, 0.02113mol, 3.0leq) and 20mL 
CH2Ch gave 0.3515 g crude product with a 3 : 2 ratio of cis to trans isomer. Purification 
by flash chromatography(EtOAc: hexanes= 4: 6) gave 0.1877g aldehyde product (15%) 
1H NMR: 8 10.09(1H, s), 8.31(1H, dd, J=l.95Hz, 7.09Hz), 8.0l(lH, s), 7.50(1H, dd, 
J=l.62Hz, 7.33Hz), 7.39(1H, td, J=l.46Hz, 7.09Hz), 7.34(1H, td, J=l.46Hz, 7.09Hz), 
7.23(1H, dd, J=9.17Hz, 16.02Hz), 5.48(1H, dd, J=15.8Hz, 1.8Hz), 5.09(1H, dd, J=8.8Hz, 
2.0Hz), 13C NMR: 8 185.07, 136.61, 133.60, 129.17, 125.46, 124.84, 123.70, 122.33, 
120.11, 110.03, 102.20. 
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Preparation of (Z/E)-1-[2-(l,3-dioxolan-2-yl)vinyl]naphthalene (XX3-10) 
The reaction with 1-naphthaldehyde (l.2033g, 0.00770mol, 1.00eq), Wittig 
reagent XX3-6 (3 .3238g, 0.00774mol, 1.0leq), 18-crown-6-ether (0.6838g, 0.00259mol, 
0.34eq), anhydrous potassium carbonate (3.1760g, 0.02301mol, 2.99eq) and 20mL 
CH2C!i gave 0.5383g of crude product as a 1.5 : 1 ratio of cis to trans . After flash 
chromatrography (EtOAc : hexanes=3 :7), 0.1345g pure product was obtained. Since there 
are many aromatic signals are on top of each other only the double bond and acetal 
signals reported below(8 %) 1H NMR: trans: o 7.58(1H, d, J=15 .7Hz), 6.25(1H, dd, J= 
6.0Hz, 15.7Hz), 5.59 (lH, dd, J= 0.7Hz, 6.lHz); cis: o 7.37(1H, d, J=l 1.5Hz), 5.98(1H, 
dd, J=8.1Hz 11.5Hz), 5.4(1H, dd, J=0.7Hz, 7.8Hz) 
Preparation of (Z/E)-9-[2-(l,3-dioxolan-2-yl)vinyl]anthracene (XX3-11) 
The reaction with 9-anthracenecarboxaldehyde ( l .4452g, 0.00704mol, 1.00eq), 
Wittig reagent XX3-6 (3.2088g, 0.00747mol, l.06eq), 18-crown-6-ether (0.7616g, 
0.00288mol, 0.41eq), anhydrous potassium carbonate(2.9565g, 0.02142mol, 3.04eq) and 
20mL CH2Cli gave l .8999g crude product with a 1 : 4 cis to trans ratio. After flash 
chromatography (EtOAc : hexanes=2.5:7.5), 1. l 141g product (57%) was obtained with 
23 % starting material. Since the signals of triphenylphosphine oxide are on the top of the 
signals from product aromatic H signals, only the vinylic and acetal signals are reported. 
1H NMR: cis: o 6.30(1H, dd, J=8.1Hz, ll.5Hz), 4.91(1H, dd, J=0.7Hz, J=8.0Hz), 3.98-
3.95(2H,m), 3.67-3.63(2H, m); trans: o 7.58(1H, d, J=l5.6Hz), 6.1 l(lH, dd, J=6.0Hz, 
16.3Hz), 5.75(1H, dd, J= 0.5Hz, 6.lHz), 4.21-4.17 (2H, m) , 4.11-4.07 (2H, m). 
Preparation of (E)-2-(1,3-dioxolan-2-yl)vinylfuran (XX3-45) 
The reaction with furfural (0.82mL, 0.00948mol, l .OOeq), Wittig reagent XX3-44 
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( 4.1292g, 0.00962mol, 1.01 eq), 18-crown-6-ether (0. 7864g, 0.00288mol, 0.30eq), 
anhydrous potassium carbonate (3.9278g, 0.02846mol, 3.00eq) and 20rnL CH2Cb gave 
l.4227g of crude product. After flash chromatography (EtOAc: hexanes=l : 9), 0.7195g 
of only trans product was obtained (46%). 1H NMR: 8 7.39 (lH, t, J=l.46Hz), 6.60 (lH, 
d, J=l5.6Hz), 6.39 (lH, dd, J=l.8Hz, 3.3Hz), 6.35 (l H, d, J=3.4Hz) , 6.12 (lH, dd, 
1=5.9Hz, 15.9Hz), 5.44 (lH, d, J=5.9Hz), 4.08-3.94(4H, m). 
General procedure for hydrolysis 
To a lOrnL round bottom flask, the acetal, leq 3M HCl and 5mL acetone were 
added. After 3 hours, the mixture was neutralized with sat. NaHC03 to pH=7 and 
extracted with lOmL CH2Cb 3 times. The organic layer was dried with MgS04 followed 
by rotary evaporation to give the aldehyde. 
Preparation of (E)-3-(4-pyridinyl)-prop-2-enal (XX2-4) 
The reaction with XXl-72 (0.8880g, 0.00504mol, leq), 3M HCl (l.68mL, 
0.00510mol, l.Oleq) and 10 mL acetone gave 0.2146g of a yellow oil (32%). 1H NMR: 
8 9.78(1H, d, J=7.61Hz), 8.73(2H, d, J=5.86Hz), 7.45(2H, dd, J=l.47Hz, 4.64Hz,), 
7.45(1H, d, J=l5.89Hz), 6.85(1H, dd, J=7 .34Hz, 16.14Hz); 13C NMR: 8 192.95, 
150.71(2C), 148.92(2C), 141.24, 132.14, 121.94. 
Preparation of (E)-3-( 4-pyridinyl)-prop-2-enal (XX2-12) 
The reaction with XX2-10 (l.5072g, 0.00856, leq), 3M HCl (2.8mL, 0.00840mol, 
0.98eq) and 10 mL acetone gave O. l l 48g ( 10% ). 
Preparation of (E)-3-(3-pyridinyl)-prop-2-enal (XX2-5) 
The reaction with XXl-75 (0.7412g, 0.00420mol, leq), 3M HCl (l.68mL, 
0.00510mol, 1.2leq) and lOmL acetone gave 0.1886g of a light yellow solid with 13.3% 
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starting material (34%). 1H NMR: 8 9.75(1H, d, 1=7.6Hz), 8.81(1H, s), 8.68(1H, d, 
1=4.2Hz), 7.94(1H, dt, 1=1.96Hz,8.07Hz), 7.51(1H, d, 1=16.12Hz), 7.42(1H, dd, 1=4.9Hz, 
7.8Hz), 6.8(1H, dd, 1=7.6Hz, 16.lHz); 13C NMR: 8 192.99, 151.54, 149.76, 148.30, 
134.70, 130.33, 129.96, 124.08. 
Preparation of (E)-3-(2-pyridinyl)-prop-2-enal (XX2-15) 
The reaction with XX2-11 (0.871 lg, 0.00495mol , leq) , 3M HCI (l .7mL, 
0.005 lOmol, 1.03eq) and 10 ml acetone gave, after flash chromatography ( 4:6 hexanes : 
ethyl acetate), 0.0354g of a dark green solid (5%). 1H NMR: 8 9.83(1H, dd, 1=0.7Hz, 
7.8Hz), 8.73(1H, dd, 1=1.lHz, 4.3Hz), 7.79(1H, t, 1=7.09Hz), 7.71(1H, d, 1=16.14Hz), 
7.71(1H, d, 1=7.58Hz), 7.35(1H, dd, 1=4.65Hz, 7.58Hz), 7.ll(lH, dd, 1=7.8Hz, 15.9Hz); 
13C NMR: 8 193.66, 151.14, 132.16, 132.06, 128.58, 128.46, 124.84, 124.13. 
The reaction above was repeated with 0.4794g XX2-29, (XX2-37, 0.2838g, 79%) ; 
0.6870g XX2-46 (XX2-48, 0.0298g, 6% ). 
Preparation of (E)-3-(2-thiophenyl)-prop-2-enal (XX2-38) 
The reaction with XX2-30 (0.7232g, 0.00394mol, leq), 3M HCl (l .8mL, 
0.0054mol, 1.03eq) and lOmL acetone gave 0.5 l 86g product with 20% 2-thiophene-
carbaldehyde. After column with hexanes : ethyl acetate=4:6 , 0.36 lOg product was 
obtained still with 19% 2-thiophenecarbaldehyde (66%). 1H NMR: 8 9.64(1H, dd, 
1=0.7Hz, 7.8Hz), 7.60(1H, dd, 1= 0.7Hz, 15.7Hz), 7.52(1H, d, 1=5.13Hz), 7.38(1H, dd , 
1=0.5Hz, 3.7Hz), 7.13(1H, ddd, 1=0.7Hz, 3.7Hz, 5. lHz), 6.53(1H, dd, 1= 7.34Hz, 
15.65Hz); 13C NMR: 8 192.92, 144.44, 139.30, 132.08, 130.41 , 128.55 , 127.39. 
Preparation of (E)-3-(2-N-methylpyrrolyl)-prop-2-enal (XX2-38) 
The reaction was repeated with XX2-35(0.0721g, 0.00040mol, leq), 3M HCl 
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(0.2mL, 0.00060mol, l.5leq) and 5mL acetone to give 0.0519g product (96.1%) 1H, 13C 
NMR data reported for xx2-35 (Page 60) 
Preparation of (E)-3-(1-naphthyl)-prop-2-enal (XX3-14) 
The reaction with XX3-10(0.1345g, 0.00059mol, leq), 3M HCl (0.4mL, 
0.0012mol, l.2eq) gave 0.1008g of a colorless oil (94%). 1H NMR: () 9.89(1H, d, 
1=7.6Hz), 8.37(1H, d, 1=15.7Hz), 8.23(1H, d, 1=8.6Hz), 7.99(1H, d, 1=8.3Hz), 7.95(1H, 
dd, 1=0.98Hz, 7.7Hz), 7.86(1H, d, 1=7.lHz), 7.66(1H, ddd, 1=1.47Hz, 6.84Hz, 8.32Hz), 
7.60(1H, ddd, 1=1.8Hz, 6.5Hz, 7.83Hz), 7.56(1H, t, 1=7.7 IHz), 6.88(1H, dd, 1=7.8Hz, 
15.7Hz); 13C NMR: () 193.69, 149.36, 133.78, 131.66, 131.23, 131.00, 130.97, 129.02, 
127.31, 126.45, 125.76, 125.52, 122.81. 
Preparation of (E)-3-(9-anthracenyl)-prop-2-enal (XX3-15) 
The reaction with XX3-l l(l.1141g, 0.00400mol, leq), 3M HCl (1.4mL, 
0.00420mol,1.05eq) and lOmL acetone gave 0.3273g of a yellow solid (35.3%). 1H NMR: 
() 10.06(1H, d, 1=7.8), 8.56(1H, d, 1=9.29), 8.54(1H, d, 1=6.36Hz), 8.24(2H, dd, 
1=0.98Hz, 8.80Hz), 8.07(2H, d, 1=8.07Hz), 7.61-7.53(5H, m), 6.8(1H, dd, 1=7.82Hz, 
16.38Hz); 13C NMR: () 193.48, 149.93(2C), 137.51(2C), 131.25, 129.44(2C), 129.17(2C), 
129.09(2C), 128.23, 126.89(2C), 125.56, 124.73. 
Preparation of (E)-3-(2-furyl)prop-2-enal (XX3-46) 
The reaction with XX3-45(0.7195g, 0.00433mol, leq), 3M HCl (l.5mL, 
0.00450mol , 1.04eq) and lOmL acetone gave 0.4644g of an oil (87.9%) 1H NMR: () 
9.64(1H, d, 1=7.8Hz), 7.39(1H, d, 1=1.46Hz), 7.24(1H, d, 1=15.6Hz), 6.79(1H, d, 
1=3.4Hz), 6.60(1H, dd, 1=8.07Hz, 15.65Hz), 6.55(1H, dd, 1=1.7Hz, 3.4Hz); 13C NMR: () 
192.91 , 150.62, 145.93, 137.81 , 126.06, 116.71, 112.88. 
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General procedure for preparing semicarbazone 
In a 25mL Erlenmeyer flask, 1 eq semicarbazide hydrochloride and 1 eq sodium 
acetate trihydrate was dissolved in lOmL water before the aldehyde was added to the 
flask. After stirring for 30min, the solid was collected by vacuum filtration and 
recrystallized with appropriate solvent to give the crystal. 
Preparation of cinnamaldehyde semicarbazone (XXl-49) 
Semicarbazide hydrochloride(0.8730g, 0.00783mol, l .OOeq), sodium acetate 
trihydrate(l.2774g, 0.00939mol, l.20eq) were dissolved in lOmL water before trans-
cinnamaldehyde(l.OOmL, 0.00794mol, l.Oleq) was added to immediately give a yellow 
solid. After 20min, the solid was collected by filtration and recrystallized with 95% 
• 0 0 [16] 
ethanol to give 0.5483g yellow needle-shaped crystal. (31.20%) m.p. 197 C-200 C 
Preparation of o-methoxycinnamaldehyde semicarbazone (XXl-50) 
o--Methoxycinnamaldehyde(0.4981 g, 0.00307mol, l .OOeq), and sodium acetate 
trihydrate(0.5029g, 0.00369mol, l.20eq) were dissolved in lOmL water. Semicarbazide 
hydrochloride(0.3478g, 0.00312mol, l.02eq) was added which immediately formed a 
yellow solid. After 30min, the solid was collected by vacuum filtration, and recrystallized 
with 95% ethanol to give O.l 113g yellow crystal. (16.54%) m.p. 193°C-195.5°cl161 
Preparation of p-methoxycinnamaldehyde semicarbazone (XXl-51) 
p-Methoxycinnamaldehyde(0.5730g, 0.00353mol, l .09eq), and sodium acetate 
trihydrate(0.5280g, 0.00388mol, l.20eq) were dissolved in lOmL water. Semicarbazide 
hydrochloride(0.359 lg, 0.00322mol, l.OOeq) was added which immediately formed 
yellow solid. After 30min, the solid was collected by vacuum filtration and recrystallized 
with 95% ethanol to give 0.41l7g yellow crystal. (58.33 %) m.p. 195°C-199'Cl 161 
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Preparation of (E)-3-(3-pyridine)-prop-2-enal semicarbazone (XX2-8) 
XX2-5 (0.1493g, 0.00113mol, leq), sodium acetate trihydrate(O. l 626g, 
0.00120mol, l.06eq) was dissolved in 9mL water. Sernicarbazone hydrochloride(0.1330g, 
0.00l19mol, l.05eq) was added. After I hr, the solid was collected by vacuum filtration 
and recrystallized with absolute ethanol to give 0.0434g yellow crystal. (20.31 %) m. p. 
208-210°C 1H NMR(CDC13): 8 8.77(1H, d, J=2.0Hz), 8.60(1H, dd, J=l .5Hz, 4.9Hz), 
8.41(1H, d, J=8.3Hz), 7.89(1H, dt, J=l.9Hz, 8.0Hz), 7.37(1H, dd, J=5.0Hz, 7.9Hz), 
7.19(1H, dd, J=7.32Hz, 16.14Hz), 7.ll(lH, d, J=16.14Hz); 1H NMR(DMSO-d6): 8 
10.33(1H, s, br), 8.61(1H, s), 8.54(1H, d, J=4.65Hz), 8.16(1H, d, J=8.33Hz), 7.72(1H, d, 
J=9.05Hz), 7.53(1H, t, 1=8.07), 7.36(1H, s), 7.00(lH, dd, J=8.56Hz, 16.38Hz), 6.90(1H, 
d, J=16.38Hz); 6.40(2H, s, br); 13C NMR: 8 163.38, 150.30, 149.28, 139.59, 133.50, 
131.44, 127.32, 123.81 
Preparation of (E)-3-(4-pyridinyl)-prop-2-enal semicarbazone (XX2-19) 
XX2-12(0.1148g, 0.00087mol, leq), sodium acetate trihydrate (0.1207g, 
0.00090mol, l.07eq) was dissolved in 9mL water. Sernicarbazone hydrochloride(0.1015g, 
0.00091mol, l.04eq) was added. After 1 hour, the solid was collected by vacuum 
filtration and recrystallized with absolute ethanol to give 0.0225g yellow crystal. (13%) 
m. p. 205-208°C 1H NMR(acetone-d6): 9.47(1H, s, br), 8.57 (lH, dd, J=l.68Hz, 4.56Hz), 
8.03 (lH, s), 7.83 (lH, d, J=9.04Hz), 7.49(1H, d, J=6.l 1Hz), 7.17 (lH, dd, J=9.08Hz, 
16.24Hz), 6.91 (lH, d, J=16.24Hz), 6.04 (2H, s, br). 
Preparation of (E)-3-(2-pyridinyl)-prop-2-enal semicarbazone (XX3-8) 
XX2-48(0.0237g, 0.00018mol, leq), sodium acetate trihydrate (0.0248g, 
0.00019mol, 1.05eq) was dissolved in 3.2mL water. Sernicarbazone hydrochloride 
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(0.0219g, 0.00020mol, 1. lleq) was added. After 5 hours, the solid was collected by 
vacuum filtration and recrystallized with 2-propanol to give 0.0068g light yellow crystal 
(20%). 1H NMR(acetone-d6): 8 9.37(1H, s), 8.59 (lH, ddd, J=0.7Hz, 1.5Hz, 4.6Hz), 
7.84, (lH, dt, J=0.7Hz, 9.5Hz), 7.78(1H, td, J=l.8Hz, 7.6Hz), 7.48(1H, dt, J=0.9Hz, 
7.9Hz), 7.43(1H, dd, J=9.5Hz, 15.9Hz), 7.26(1H, ddd, J=l.22Hz, 4.9Hz, 7.6Hz), 6.96 
(lH, d, J=15.6Hz), 6.04 (2H, s, br). 
Preparation of (E)-3-(2-thiophenyl)-prop-2-enal semicarbazone (XX3-4) 
XX2-38(0.3610g, 0.00261mol, leq), sodium acetate trihydrate (0.3450g, 
0.00254mol, 0.94eq) was dissolved in 5mL water. Semicarbazone hydrochloride(0.3006g, 
0.00269mol, l .03eq) was added to form a yellow solid. After 1 hour, the solid was 
collected by vacuum filtration and recrystallized with absolute ethanol to give 0.2520g 
light yellow crystal (54%). 1H NMR (DMSO-d6): 8 10.18(1H, s, br), 7.64(1H, d, 
J=9.29Hz), 7.53(1H, d, J=5.14Hz), 7.23(1H, d, J=3.42Hz), 7.08(1H, dd, J=0.49Hz, 
15.41Hz), 7.07(1H, dd, J=3.43Hz, 5.14Hz), 6.57(1H, dd, J= 9.29Hz, 15.89Hz), 6.31(2H, 
s, br); 13C NMR: 8 156.95, 141.79, 141.61, 129.45, 128.74, 128.29, 127.02, 125.35. 
Preparation of 3-(2-N-methylpyrrolyl)prop-2-en-1-al semicarbazone (XX3-5) 
XX3-3(0.0597g, 0.00044mol, leq), sodium acetate trihydrate (0.0588g, 
0.00043mol, 0.98eq) was dissolved in 6mL water and 5mL 95% ethanol. Semicarbazone 
hydrochloride(0.0508g, 0.00046mol, 1.05eq) was added which immediately formed 
yellow solid. After 1 hour, the solid was collected by vacuum filtration and recrystallized 
with absolute ethanol to give 0.0018g redish orange solid as a mixture of 4 : 1 ratio of 
anti to syn isomers (2.13%). 1H NMR: (acetone-d6) isomer a: 8 11.18 (lH, s, br), 
10.05(1H, s), 8.24(1H, dd, J=l.84Hz, 7.21Hz), 8.21 (lH, d, J=2.9Hz), 7.56(1H, m), 7.31-
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7.23 (3H, m); isomer b: 10.77(1H, s, br), 8.98(1H, s), 8.53(1H, d, J=7.09Hz), 7.88(1H, d, 
J=2.94Hz), 7.52(1H, ddd, J=0.74Hz, l.47Hz, 9.05Hz), 7.17-7.01 (3H, m). 
Preparation of 3-(3-indolyl)prop-2-enal semicarbazone (XX3-9) 
XX2-40(0. l 877 g, 0.00 l lOmol, 1 eq), sodium acetate trihydrate (O. l 459g, 
0.00107mol, 0.97eq) was dissolved in 5 mL water. Semicarbazone hydrochloride 
(0.1278g, 0.00114mol, l.04eq) was added. After I hr, the solid was collected by vacuum 
filtration and recrystallized with absolute ethanol to give 0.0025g orange solid. (1 %) 
Preparation of 3-(1-naphthyl)-prop-2-enal semicarbazone (XX3-17) 
XX3-14(0.1088g, 0.000554mol, leq), sodium acetate trihydrate (0.0885g, 
0.00065 lmol , l. l 7eq) was dissolved in 5mL water. Semicarbazone hydrochloride 
(0.0892g, 0.000800mol, l .44eq) was added. After 3 hours, the solid was collected by 
vacuum filtration and recrystallized with absolute ethanol to give 0.0590g orange solid 
(48%). m.p. 214-216°C 1H NMR(DMSO-d6 ): 8 10.30(1H, s, br), 8.31(1H, dd, J=l.46Hz, 
8.8Hz), 7.96(1H, dd, J=l.96Hz, 7.33Hz), 7.91(1H, d, J=8.3Hz), 7.87(1H, d, J=9.3Hz), 
7.83(1H, d, J=7.3Hz), 7.77(1H, d, J=l5.9Hz), 7.61-7.52(3H, m), 6.96(1H, dd, J=9.3Hz, 
15.6Hz), 6.34(2H, s, br); (CDC13): 8 8.15(1H, d, J=8.6Hz), 8.09(1H, s, br), 7.90(1H, dd, 
J=l.84Hz, 7.71Hz), 7.87(1H, d, J=8.07Hz), 7.75(1H, d, J=7 .71Hz), 7.69(1H, d, J=2.7Hz), 
7.66(1H, d, J=9.3Hz) , 7.61-7.54(2H, m), 7.52(1H, d, J=l5.65Hz), 6.96 (IH, dd, J=9.54Hz, 
15.90Hz); 13C NMR (DMSO): 8 157.05 , 142.58, 133.88, 133.53, 132.93, 130.94, 129.09, 
129.01 , 128.70, 126.99, 126.56, 126.30, 123.92, 123.76. 
Preparation of (E)-3-(9-anthracenyl)-prop-2-enal semicarbazone (XX3-19) 
In a 50mL flask, XX3-15 (0.3273g, 0.0014lmol, leq), sodium acetate trihydrate 
(0.1482g, 0.00114mol,0.8leq) was dissolved in 27mL water. Semicarbazone hydro-
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chloride (0.1295g, 0.00116mol, 0.82eq) was added. After l hr, the solid was collected by 
vacuum filtration and recrystallized with ethanol to give 0.1301 g orange solid. ( 41 % ) m. 
p. 225-228°C 1H NMR (DMSO-d6): 8 9.89(1H, s, br), 8.80(1H, d, J=9.3Hz), 8.68(1H, s), 
8.39(1H, d. J=9.3Hz), 8.37(2H, d, 5.82Hz), 8. l 7(2H, dd, J=l.47Hz, 7.58Hz), 7.66-
7.58(5H, m), 6.97(1H, dd, J=9.54Hz, 16.16Hz); (CDC/3): 8 8.47(1H, s), 8.28-8.24(2H, 
m), 8.09-8.00(3H, m), 7.86(1H, d, J=9.3Hz), 7.76(1H, d, J=6.1Hz), 7.60-7.44(5H, m), 
6.79(1H, dd, J=9.3Hz, 16.4Hz); 13C NMR(CDC/3): 8 162.96, 143.35, 135.15(2C), 
129.33(2C), 128.80, 127.16, 126.59(2C), 126.09, 125.59(2C), 124.00(2C), 123.17(2C). 
Preparation of (E)-3-(2-furanyl)prop-2-en-1-al semicarbazone (XX3-48) 
XX3-46 (0.5685g, 0.00466mol, leq), sodium acetate trihydrate(0.6362g, 
0.00468mol, l .OOeq) was dissolved in 27mL water. Semicarbazone hydrochloride 
(0.5250g, 0.0047lmol, l.Oleq) was added. After 1 hour, the solid was collected by 
vacuum filtration and recrystallized with absolute ethanol to give 0.2939g clear brown 
crystal. (35.23%) m.p. 209-2ll°C 1H NMR (DMSO-d6): 8 10.18 (lH, s, br), 7.71 (lH, d, 
J=2.0Hz), 7.63(1H, J=9.3Hz), 6.76(1H, d, J=l5.89Hz), 6.61(1H, dd, J=9.3Hz, 15.9Hz), 
6.60(1H, dd, J=0.5Hz, 3.2Hz), 6.55(1H, dd, J=l.8Hz, 3.3Hz), 6.31 (lH, s, br); 13C NMR: 
8 156.90, 152.43, 144.29, 141.61, 124.06, 123.85, 112.77, 111.19 
Preparation of 2-(2-pyridinyl)ethenal semicarbazide (XX3-47)[171 
2-Pyridinecarboxaldehyde(0.8ml, 0.0084lmol, leq), sodium acetate trihydrate 
(l.2257g, 0.0090lmol, l.12eq) was dissolved in 27mL water. Semicarbazone 
hydrochloride (l.0625g, 0.00953mol, l.13eq) was added. After l hour, the solid was 
collected by vacuum filtration and recrystallized with absolute CH2Cb and methanol 
(95:5) ethanol to give 0.0506g clear white crystal. (3.66%) 1 H NMR (CDC/3): 8.63( lH, 
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ddd, 1=0.98Hz, l.71Hz, 4.89Hz), 8.26(1H, s, br) , 7.86(1H, dt, 1=0.98Hz, 8.07Hz), 
7.83(1H, s), 7.75(1H, td, 1=1.5Hz, 7.7Hz), 7.31 ( lH, ddd, 1=1.22Hz, 5.0lHz, 7.46Hz), 
Preparation of (Z)-4-{ [ tert-butyldimethysilyl]oxy }but-2-en-1-ol(XXl-42)(201 
To a · 50 mL round bottom flask, cis-but-2-ene-1,4-diol (l.2554g, 0.01425mol, 
l.98eq), dimethylaminopyridine (0.0859g, 0.000695mol , O. leq), imidazole (l.1443g, 
0.0168lmol, 2.33eq) and 20mL CH2C}z was added. A solution of TBDMSCl(l.087lg, 
0.0072 lmol , leq) in lOmL CH2C}z was added dropwise over 5 min to the flask. After 
stirring overnight, the mixture was washed by deionized water, satd. NH4Cl, and brine. 
The organic layers were dried by MgS04 and the solvent was removed by rotary 
evaporation to give the crude product. The product was purified by flash chromatography 
(hexanes:EtOAc =4: 1) to give 0.5904g( 41 % ) pure product as a colorless oil. 1 H NMR: () 
5.52(1H, dtt, 1=1.2Hz, 5.62Hz, l l.25Hz), 5.49(1H,dtt, 1=0.98Hz, 5.62Hz, l l.25Hz), 
4.13(2H, d, 1=4.65), 4.03(2H, d, 1=5.13), 3.77(1H, s), 0.80(9H, s) , 0.09(6H,s); 13C NMR: 
8 130.63, 129.97, 59.28, 58.03 , 31.47, 25 .69(3C) , -5.47(2C) 
Preparation of (Z)-4-{ [ tert-butyl-( dimethyl)silyl]oxy }but-2-en-1-ol (XXl-41) 
The reaction was repeated with cis-but-2-ene-l,4-diol(l.2008g, 0.01363mol, 
l.85eq), DMAP(0.0840g, 0.00068mol, 0.09eq), imidazole(l.151 lg, 0.0169lmol, 2.3eq) 
and TBDMSC1(1.1076g, 0.00735mol, leq) to give 0.6872g (34.42%) of product. 
Preparation of (Z)-4-acetoxybut-2-enol using acetic anhydride (XXl-52)[381 
To a 25mL round bottom flask, cis-2-butene-l,4-diol(l.0083g, O.Ol 144mol, 
l.OOeq), toluene(8mL), and imidazole(0.9439g, 0.01386mol, l.2leq) were added. The 
flask was put into ice bath for 15min before acetic anhydride(l.2mL, 0.01269mol, l.lleq) 
was added. After 5.5 hrs, 8mL of water was added and the solution was extracted with 
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6mL CH2Cb four times. The organic layer was washed with 8mL water and 8mL brine, 
and dried with MgS04, to give 1.2477g of an oil after evaporation. The product was a 
0.40 : 1.00 mixture of diacetoxybutene to (Z)-4-acetoxybut-2-enol with toluene left in it. 
Preparation of (Z)-4-acetoxybut-2-enol using acetic anhydride (XXl-54) 
The reaction above was repeated with cis-butene-1,4-diol(2.1420g, 0.02431mol, 
1.00eq), toluene(l 6mL), imidazole( l.6046g, 0.02357mol, 0.97eq) and acetic anhydride 
(2.6mL, 0.02750mol, l.13eq). 2.2458g of product was gained. The product was a 0.45: 
1.00 mixture of diacetoxybutene to (Z)-4-acetoxybut-2-enol. Diacetate: 1 H NMR: 8 
5.84(2H, dtt, J=0.98Hz, 3.91Hz, 7.83Hz), 4.76(4H, d, 1=7.84), 2.14(6H, s); 13C NMR: 8 
170.76(2C), 128.04(2C), 60.00(2C), 21.00(2C). 
Preparation of (Z)-4-acetoxybut-2-enol using acetic anhydride (XXl-56) 
The reaction above was repeated with cis-butene-1,4-diol( 4.4560g, 0.05057mol, 
l.OOeq), toluene(40.5mL), imidazole(2.5970g, 0.03815mol, 0.75eq) and acetic anhydride 
(3.8mL, 0.04020mol,0.79eq). The product (l.7171g) was a 0.44 : 1.00 mixture of di-
acetoxybutene to mono(Z)-4-acetoxybut-2-enol with residual toluene. 
Preparation of (Z)-4-acetoxybut-2-enol using NaH (XXl-57) 
To a lOOmL round bottom flask, cis-2-butene-1,4-diol (3.7247g, 0.04227mol, 
l.OOeq), THF(33mL) and sodium hydride (l .539lg, 60%dispersion, 0.03848mol, 0.91eq) 
were added. The flask was put into ice bath for 15 minutes before acetic anhydride 
(3.8mL, 0.04020mol, 0.95eq) was added. After 5 hours reacting, to the reaction mixture 
was added 36mL water and extracted with 24.0mL CH2Cb four times. The organic layers 
were collected, washed with 30mL water and 25mL brine and dried with MgS04. This 
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gave 4.3108g of an oil after rotary evaporation. The product was a 0.44 : 1.00 mixture of 
diacetoxybutene (Z)-4-acetoxybut-2-enol with residual THF. 
Preparation of (Z)-4-acetoxybut-2-enol using Na(XXl-63) 
The reaction above was repeated with cis-butene-1,4-diol (2.0546g, 0.02332mol, 
l.OOeq), THF(30.0mL), sodium (0.5056g, 0.022mol, 0.96eq) and acetic anhydride 
(2.0mL, 0.02116mol,0.9leq). l.717lg of a 0.44: 1.00 mixture of diacetoxybutene to (Z)-
4-acetoxybut-2-enol with residual THF was obtained. 
Preparation of (Z)-4-acetoxybut-2-enol using nBuLi (XXl-64) 
The reaction above was repeated with cis-butene-l ,4-diol(2.2736g, 0.0258mol, 
l.OOeq), THF(30.0mL), n-butyl lithium(2.26M in hexanes, l 1.6mL, 0.0262mol, l.02eq) 
and acetic anhydride(2.4mL, 0.02539mol,0.98eq). 3.3046g of a 0.5 : 1.0 mixture of 
diacetoxybutene to (Z)-4-acetoxybut-2-enol with residue of THF was obtained. 
Preparation of (Z)-4-acetoxybut-2-enol using acetyl chloride(XXl-65) 
The reaction above was repeated with cis-butene-1,4-diol (l.8702g, 0.02123mol, 
l.OOeq), THF(l9.5mL), imidazole (l.3373g, 0.01964mol, 0.93eq) and acetyl chloride 
(1.2mL, 0.01688mol,0.79eq). l.8102g(82%) of a 0.1: 1.0 mixture of diacetoxybutene to 
(Z)-4-acetoxybut-2-enol with residual of THF was obtained. 
This reaction was repeated 9 more times and the results displayed in the table below. 
Spectrum from XX1-74 1H NMR: o 5.88(1H, dtt, J=ll.13Hz, 6.6Hz, 1.34Hz ), 5.66(1H, 
dtt, J=l 1.2Hz, 7.lHz, l.3Hz), 4.67(2H,d, J=7.1Hz), 4.28(2H, dt, 1=6.6Hz, 0.73Hz), 
2.07(3H, s); 13C NMR: 0 171.08, 133.56, 125.74, 60.24, 58.59, 21.11. 
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Table E.1: Yields and ratio of mono to di of acetate 
reaction diol yield Ratio (amount used) (mono: di) 
XXl-67 1.983 lg 62% 1.00 :0.12 
xx 1-69 2.0021g 40% 1.00 :0.10 
xx 1-71 3.2642g 59% 1.00 :0.19 
xx 1-74 8.9140g 71% 1.00 :0.18 
XX2-9 9.7787g 55% 1.00 :0.18 
xx 2-42 9.1545g 66% 1.00 :0.25 
xx 2-50 9.9355g 78% 1.00 :0.23 
xx 3-29 9.8164g 72% 1.00 :0.25 
xx 4-38 9.3289g 52% 1.00 :0.50 
Preparation of cis-1-acetoxy-4-bromobut-2-ene (XXl-73) 
In an lOOmL round bottom flask, XX1-67(0.3985g, 0.00307mol, leq) was added, 
followed by triphenylphosphine( 1.2299g, 0.00470mol, l .53eq), 45mL CH2Ch and carbon 
tetrabromide(l.526lg, 0.00460mol, 1.50eq). After 3 hours, the mixture was treated with 
30mL pentane. After rotary evaporation, 0.7773g crude product was collected as an oil 
heavily contaminated by Ph3P=0. 
Preparation of cis-1-acetoxy-4-bromobut-2-ene (XXl-68) 
The reaction above was repeated with XX1 -67(0.3906g, 0.00300mol, leq), 
triphenylphosphine( 1.202 lg, 0.00458mol, 1.53eq), carbon tetrabromide(l .5036g, 
0.00453mol, 1.5 leq) and 45mL CH2Ch to give 2.2149g crude product. The crude 
product was purified by vacuum distillation to give 1.7405g. (85.47%) 
Preparation of cis-1-acetoxy-4-bromobut-2-ene (XX2-3) 
The reaction with XX1-67(0.392 l g, 0.00302mol, leq), triphenylphosphine 
(1.2581 g, 0.00480mol, 1.59eq), carbon tetrabromide(l.5693g, 0.00473mol, 1.57eq) and 
30mL dichloromethane. 0.6901g product(62%) was gained which contained 16% 
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diacetate and 22% 0=PPh3. 1H NMR: 8 5.96(1H, dtt, J=l.47Hz, 8.32Hz, 10.75Hz), 
5.72(1H, dt, J=6.8Hz, 10.08Hz), 4.71(2H, dd, J=l.22Hz, 6.85Hz), 4.04(2H, d, J=8.56Hz), 
2.10(3H, s); 13C NMR: 8 170.76, 129.80, 128.14, 59.16, 25 .68, 20.90. 
This reaction was repeated using 1.1676 XXl-67 (XX2-7, 85%), 4.1255g XXl-67 
(XX2-13, S.M.), 3.5640g XXl-67 (XX2-14, 47.45 %), 4.0633g XX2-9 (XX2-16, 81 %), 
3.0206g XX2-9 (XX2-17, 66.41 %), 4.1117g XX2-42 (XX2-44, 47 .25%), 3.8843g XX2-
50(XX3-l , 39% ), 4.2231 g XX2-50 (XX3-7, no product). 
Preparation of diethyl 2-propenylphosphonate (XX2-27) 
In a 25mL round bottom flask, allyl bromide(l .8115g, 0.01509mol , leq) and 
sodium iodide ( 0.3274g, 0.002 l 8g, 0.14eq) were added to lOmL acetonitrile followed by 
triethyl phosphite (2.6mL, 0.01547mol, 1.02eq). After heating 24 hr at reflux , the solvent 
was removed and the residue was treated with 5 mL water and extracted with 5 mL 
dichloromethane three times. The organic layer was dried with MgS04 and after rotary 
evaporation, 2.3749g oil was collected.(89%) 1H NMR: 8 5.8 (lH, ddt, J=7 .39Hz, 
10.03Hz, 13.18Hz), 5.26-5.19(2H, m), 4.12(4H, dq, JHp=l.23Hz, J=7.09Hz) , 2.62(2H, 
ddq, J=l.23Hz, 7.33Hz JHp=21.7Hz), 1.32 (6H, td, JHp=l.12Hz, J=6.84Hz) ; 13C NMR: 8 
J 27.43, 119.95, 62.05(2C), 53 .48, 32.43 , 16.37(2C); 31P NMR: 8 27.14. 
Attempted preparation of diethyl (Z)-[4-(acetoxy)-2-butenyl]phosphonate (XX2-6) 
In a 25mL round bottom flask , 1-acetoxy-4-bromobut-2-ene(XX1-68)(0.6599g, 
0.00342mol, l.OOeq) was added to lOmL toluene followed by triethyl phosphite(0.88mL, 
0.00524mol, l.53eq). After heating at reflux for 24 hr, additional triethyl phosphite 
(0.44mL, 0.00262mol, 0.77eq) and sodium iodide(0.1312g, 0.00088mol , 0.26eq) was 
added. After another 24hours heating at reflux , 3mL methanol was added. After rotary 
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evaporation, the residue in the round bottom flask was extracted with 5mL CH2Ch four 
times and the organic layer was dried with MgS04. After, rotary evaporation, 0.9255g of 
mixture of phosphonate, triphenylphosphine oxide and triethyl phosphite was obtained. 
Attempted preparation of diethyl (Z)-[4-(acetoxy)-2-butenyl]phosphonate (XX2-18) 
In a 25mL r.b.flask, XX2-13(1.0625g, 0.00551mol, 1.00eq), sodium iodide 
(0.2170g, 0.00145mol, 0.26eq) and triethyl phosphite(l.4mL, 0.00833mol, 1.51eq) was 
dissolved in lOmL toluene. After 24hours heating and reflux, the toluene was removed by 
evaporation. The product was extracted with 5mL CH2Ch three times and the organic 
layer was collected and dried by MgS04. The solvent was removed by rotary evaporation 
to give l .5805g of mixture of triphenylphosphine oxide and triethyl phosphite. 
The reaction above was repeated with l.0186g XX2-13(XX2-20, no product); 
1.1004g XX2-13(XX2-22, no product); 1.1004g XX2-13 (XX2-21, no product). 
Attempted preparation of triphenyl (Z)-[4-(acetoxy)-2-butenyl]phosphonium 
bromide (XX2-21) using triphenylphosphine. 
The reaction above was repeated with XX2-13(1.1004g, 0.00570mol, l.OOeq), 
triphenylphosphine (l.5406g, 0.00587mol, l.03eq) and lOmL CH2Ch. 2.0059g of 
mixture with a large amount of PPh3=0 was obtained. 
Preparation of diethyl (Z)-[4-(acetoxy)-2-butenyl]phosphonate (XX2-22) using THF 
In a 25mL r.b.flask, XX2-13(1.1278g, 0.00584mol, l.OOeq), sodium iodide 
(0.2308g, 0.00154mol, 0.26eq) and triethyl phosphite(0.90mL, 0.00536mol, 0.92eq) was 
dissolved in lOmL THF. After 24hours heating and reflux, the THF was removed by the 
rotary evaporation. The product was extracted with 5 mL CH2Ch three times and the 
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organic layer was collected and dried by MgS04. The solvent was removed by rotary 
evaporation and l.2723g of mixture of triphenylphosphine oxide and triethyl phosphite. 
Preparation of diethyl (Z)-[4-(acetoxy)-2-butenyl]phosphonate (XX2-28) in CH3CN 
In a 25mL r.b.flask, XX2-14 (1.2460g, 0.00646mol, 1.00eq), sodium iodide 
(0.2759g, 0.00184mol, 0.28eq) and triethyl phosphite(l.lOmL, 0.00655mol, 1.0leq) was 
dissolved in lOmL CH3CN. After 24hours heating and reflux, the CH3CN was removed 
by the rotary evaporation. The product was extracted with 5 mL CH2C}i three times and 
the organic layer was collected and dried by MgS04. The solvent was removed by rotary 
evaporation and l .5639g mixture product(20%) was collected that contained 3% of 
diacetate, 61 % of phosphate, 16% of PPh3=0. Spectrum of XX2-34 1H NMR: 8 5.82-
5.66 (2H, m), 4.67(2H, dd, J=3.66Hz, 5.62Hz), 4.12(4H, q, J=7.34Hz), 2.71(2H, dd, I= 
22.62Hz, 7.70Hz), 2.08 (3H, s), l.34(6H, t, J=7.09Hz). 
The reaction above was repeated with 0.7468g XX2-14 (XX2-32, 31 %); 1.6041 
XX2-16 (XX2-34, 31%); 3.4876g XX2-14&17 (XX2-36, 18%); 2.5315g XX2-14&17 
(XX2-41, 27%); 4.090g XX2-44 (XX2-47, 26%); 2.1405g XX2-44&45 (XX3-2, no 
product); l.518lg XX2-16( XX3-21, no product). 
Preparation of diethyl [ 4-(acetoxy )-2-butenyl]phosphonate (XX3-33) using Znlr4oJ 
In a 25mL r.b.flask, XX3-29 (0.6846g, 0.00527mol, l.OOeq), zinc iodide (l.7082g, 
0.00535mo1, l.Oleq) and triethylphosphite(0.85mL, 0.00505mol, 0.96eq) was dissolved 
in lOmL toluene. After 4 hr at reflux, the toluene was removed and 58mL of 2M NaOH 
was added to the mixture. The product was extracted with 30mL ethyl ether three times. 
The organic layer was collected and dried by MgS04, and the solvent was removed by 
rotary evaporation to give 0.2254g liquid. No phosphonate was observed by NMR. 
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The reaction was repeated with 0.6281g XX2-50(XX3-24, no product), 0.4593g 
XX2-50(XX3-23, no product), 0.5103 XX3-29 (XX3-36, no product). 
Attempted preparation of 1-acetoxy-4-(methanesulfonyl)oxybut-2-ene (XX3-25) 
In a 25mL round bottom flask, XX2-50 (0.4373g, 0.00336mol, l.OOeq) and 
imidazole (0.2790g, 0.0041 Omol, 1.22eq) was dissolved in lOmL dry CH2Ch before 
methanesulfonyl chloride (0.3 lmL, 0.00400mol, 1.19eq) was added. After 5 hr, lOmL 
water was added to the reaction mixture, the the mixture was extracted with 1 OrnL 
CH2Ch twice, washed with IM HCl (5rnL), lM NaHC03 (lOmL) and the organic layer 
dried with MgS04. After rotary evaporation, 0.4359g oil was obtained. NMR shows the 
oil is dimer even though, it looks very similar to starting material (all peaks shifts within 
0.01 ppm), while 13C NMR showed 2 new peaks at 53.45ppm, 52.56ppm 1H NMR: 8 
5.86 (2H, dtt, J=l.2Hz, 6.6Hz, 11.0Hz), 5.65 (2H, dtt, J=l.2Hz, 6.7Hz, 1 l.2Hz), 4.68(4H, 
d, J=6.8Hz), 4.27(4H, dd, J=0.7Hz, 6.6Hz), 2.07(6H, s); 13C NMR: 8 171.16, 133.37, 
129.04, 125.55, 60.13, 53.45, 52.56, 20.88 (XX3-25) 
The reaction was repeated with 0.6779g XX3-29 (XX3-30, no product), 0.5432g 
XX3-29 (XX3-33, no product), 0.6926g XX3-29 (XX4-1, no product), 0.7618g XX3-29 
(XX4-2, no product), 0.6098g XX3-29 (XX4-4, 6% ), 0.5473g XX-29 (XX4-6, 11 % ) 
Preparation of 1-acetoxy-4-(methanesulfonyl)oxybut-2-ene at 0.0125g/mL (XX4-8) 
In a 25mL r.b. flask, XX3-29(0.2741g, 0.0021 lmol, 1.00eq) and triethylamine 
(0.3mL, 0.00215ml, l.02eq) was dissolved in 20 mL dry CH2Cb. Methanesulfonyl 
chloride(O. l 7rnL, 0.002 l 7mol, l.03eq) was added. After 5 hr, 10 mL water was added to 
the reaction mixture. Then the mixture was extracted with 1 OrnL CH2Ch three times, and 
the organic layer dried with MgS04. After rotary evaporation, 0.3806g oil was obtained. 
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(61 %) 1H NMR: 8 5.86(2H, m), 4.88(2H, d, J=6.4Hz), 4.69(2H, d, J=5.6Hz), 3.06(3H, s), 
2.08(3H, s); 13C NMR: 8 170.62, 130.20, 126.15, 64.80, 59.56, 38.11, 20.8 
Preparation of 1-acetoxy-4-(methanesulfonyl)oxybut-2-ene at 0.025g/mL (XX4-11) 
In a 25mL round bottom flask, XX3-29 (0.2674g, 0.00206mol, l .OOeq) and 
triethylamine (0.29mL, 0.00208rnl, 1.0leq) were dissolved in lOmL dry CH2Ch. 
Methanesulfonyl chloride(O. l 6mL, 0.00207mol, l .OOeq) was added. After 5hours 
reaction, 10 mL water was added to the mixture, then the mixture was extracted with 
CH2Ch lOmL three times, and the organic layer dried with MgS04. After rotary 
evaporation, 0.6860g oil was obtained. ( 43%) The reaction was repeated with 0.6668g 
XX2-50 (XX4-16, 58%), 0.7522g XX3-29 (XX4-23, 43), 0.5366g XX4-29 (XX3-29, 
51 %), 0.557 lg XX4-39 ( XX4-38-l, 66%), 1.8558g XX4-38-2 (XX4-42-1, 42%). 
Attempted preparation of 1-acetoxy-4-iodobut-2-ene (XX3-26) in acetone 
In a 25mL flask, XX3-25 (0.4359g, 0.00209mol, l .OOeq) and sodium iodide 
(0.3549g, 0.00237mol, 1.13eq) was dissolved in lOmL acetone and left overnight. lOmL 
water was added to the mixture, and extracted with CH2Ch lOmL three times and dried 
with MgS04. After rotary evaporation, 0.3006g oil was obtained. No product observed by 
NMR. The reaction was repeated with 0.5667g XX3-30 (XX3-31 no product). 
Preparation of 1-acetoxy-4-iodobut-2-ene (XX 3-31) in acetonitrile 
In a 25mL flask, XX4-8 (0.3228g, 0.00155mol, 1.00eq), sodium iodide (0.2399g, 
0.00160mol, 1.03eq) were dissolved in lOmL CH3CN and stirred for 1.5 hr. lOmL water 
was added, and the mixture extracted with lOmL CH2Ch three times and dried with 
MgS04. After evaporation, 0.2660g (72%) oil was obtained. 
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The reaction above was repeated with 0.2395g XX4-1 l(XX4-12, 84% ), 0.8704g 
XX4-16 (XX4-18, 62%), 0.9426g XX4-23 (XX4-24, 53%), 0.6394g XX4-29 (XX4-30, 
100%), 0.6382g XX4-39 (XX4-40, 66%), l.8541g XX4-42-1 (XX4-42-2, 65%). 
Spectrum XX4-9 1H NMR: 8 5.99(1H, dtt, J= l.47Hz, 9.05Hz, 10.52Hz), 5.76(1H, dtt, 
J=l.46Hz, 5.62Hz, 10.76Hz), 4.68(2H, dd,J= 1.47Hz, 4.89Hz), 3.94(2H, d, J=8.8Hz), 
2.10(3H, s); 13C NMR: 8 170.77, 131.23, 126.79, 58.92, 52.57, 20.87. 
Preparation of diethyl (Z)-[4-(acetoxy)-2-butenyl]phosphonate (XX 4-10) 
To a 25 mL round bottom flask, XX4-10 (0.3807g, 0.00159mol, leg) was added 
m lOmL CH3CN. Triethyl phosphite (0.27mL, 0.00158mol, l.Oleq) was added to the 
flask. After heating at reflux overnight, lOmL water was added to the reaction mixture, 
then, the reaction mixture was extracted with 10 mL CH2Cb three times. The organic 
layer was collected and dried with MgS04• After rotary evaporation, 0.3475g yellow oil 
was collected. (46%) [NMR data was given in XX2-28] 
The reaction above was repeated with 0.3077g XX4-14 (XX4-13, 51 %), 0.8432g 
XX4-18 (XX4-19, 65%), 0.8621g XX4-24 (XX4-25, 29%), 1.0250g XX4-32 (XX4-31, 
46%), 0.6279g XX4-40 (XX4-41, 32%) 
Preparation of (E)-4-diethylphosphono-2-buten-1-ol (XX2-39) 
To a 5 mL round bottom flask, XX2-32&XX2-34(1.0239g, 0.00409mol, l.OOeq), 
lOmL H20, lOmL acetone and 6 drops cone. HCl were added. After 6.5 hr heating at 
reflux and rotary evaporation, the mixture was neutralized by satd. NaHC03, extracted 
with 5mL CH2Cb three times and dried with MgS04 . After rotary evaporation, 0.6353g 
product was obtained (32%). 1H NMR: 8 5.99(dt, J=l7.48Hz, 7.04Hz, lH), 5.59(dt, 
J=l7.85Hz, 7.09Hz, lH), 4.17-4.09(m, 6H), 2.73(dd, J=8.31 Hz, JHp=22.74Hz, 2H), 1.35(t, 
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1=7.09, 6H); 13C NMR: 8 134.2(d, Jcp=9.5Hz), 120.5(d, Jcp=l2.5Hz), 62.46(2C, d, 
Jcp=7.3Hz), 57.88(d, Jcp=2.9Hz), 26.23(d, Jcp=l35.90Hz), 16.43(d, Jcp=5.9Hz) 
The reaction was repeated with 1.873 lg XX2-36(XX3-22, no product), 2.0443g 
XX2-47(XX3-12, 15%), l.7416g XX2-47( XX3-16, 20%), l.873lg XX2-36 (XX3-22, no 
product), 0.8876g XX4-19 (XX4-21, 47%), 0.9407g XX4-25 (XX4-28, 14%), 0.7137g 
(XX4-34, 30%), 0.6279g XX4-41 (XX4-42, 31 %) 
Preparation of diethyl (E)-2-butenyl-4-hydroxyphosphonal (XX3-18) with PDC 
To a 25 mL r.b. flask, pyridinium dichromate (0.7332g, 0.00195mol, l.19eq) was 
added to lOmL CH2C]z. XX 3-16 (0.3423g, 0.00164mol, leq) was added to the flask by 
cannula. After 24hrs, the reaction mixture was gravity filtered, and 10 mL CH2Cl2 was 
used to wash the solid. After rotary evaporation of the filtrate, 0.2485 dark brown oil was 
collected. Based on 1H NMR, only PPh3=0 and triethyl phosphate were observed. 
The reaction was repeated with 0.0313g XX4-14 (XX4-15, no product), 0.1578 
XX4-43-2 (XX4-46, 52%) 1H NMR : 8 9.57 (lH, d, J=7.8H), 6.8 1 (IH, dq, J=7.6Hz, 
15.5Hz), 6.25 (lH, dd, J=7.8Hz, 15.6Hz), 4.18 (4H, q, J=7.09Hz), 2.9 (2H, dd, J=7.8Hz, 
JHp=23.2Hz), 1.36 (6H, t, d=7.1Hz); 13C NMR: 8 192.95, 149.85, 146.67 (d, Jcp=lO.OHz), 
6 31 62.49(2C, d, Jcp=6. Hz), 30.68(d, Jcp=l37.91Hz), 16.43(2C); P NMR: 22.94 
Preparation of diethyl (Z)-[4-(acetoxy)-2-butenyl]phosphonal (XX4-26) using Mn02 
To a 25 mL round bottom flask, XX4-21 (0.7 lOOg, 0.0034lmol, leq), Mn02 
(0.3847g, 0.00443mol, l.30eq) was added to 20 mL petroleum ether. After l hour, 5 mL 
CH2C]z was added. After the stirring overnight, the reaction mixture was vacuum filtered, 
and the solid washed with 15 mL CH2Cb. After rotary evaporation of the filtrate, 3375g 
dark oil was collected. Based on 1H NMR, there was no expected product. 
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The reaction above was repeated with 0.213 lg XX 4-28 (XX4-35, starting 
material, 0.1952g XX4-28&34 (XX4-36, no product) 
Preparation of 1,2-dioxanyl-2-methyltriphenylphosphonium bromide(XXl-62)[271 
In an lOOmL round bottom flask, triphenylphosphine(l6.7645g, 0.06392mol, 
1.44eq)) was added to bromomethyl-1 ,3-dioxolane(4.60mL, 0.0443mol, 1.00eq). The 
reaction was heated overnight. The red solid was washed with 15mL ether and 
recrystallized from CH2Ch and ethyl ether to give 10.4623g of a white crystal. (55.02%) 
m.p. 198°C-200"C(lit. 193-195°C) 
The reaction above was repeated with bromomethyl-1 ,2-dioxolane 9.7mL (XX2-l , 
12.47%, m.p. l68°C-170°C), 7.3722g (XX 2-2, 56.58%, m.p. 183°C-185°C), 4.3mL(XX 
2-24, 42.59%, m.p. l88°C-189°C), 4.2mL (XX 2-31 , 51.50%, m.p. l 76°C-178°C), 8.9729g 
(XX3-6, 31 %, m.p. l 78°C-l80°C), 2.3mL (XX3-50, 29%, m.p. l 75°C-178°C). 
Preparation of phenyl urea(XXl-1)[461 
In a 250mL beaker, aniline (7.0mL, 0.077mol, 1.0 equiv) and glacial acetic acid 
(36. lmL, 0.628mol, 8. lequiv) were heated at 35·c in a water bath. In an 100 L beaker, 
sodium cyanate (9.7554g, 0.150mol, 2.58equiv) was dissolved in water. The sodium 
cyanate solution was added to the aniline solution over 10 min by addition funnel. The 
reaction was stirred for 10 more minutes , and then left stirring at room temperature for 2 
hours. The beaker was put in ice bath for a few minutes, before the product was collected 
by vacuum filtration, to give 7.07925g (67.60%) of greenish yellow solid. m.p.143°C-
1460C; (lit m.p. 148°C)r49l 1 H NMR(d6-DMSO): 8 8.60(br, lH), 7.43(dd, J=8.56Hz, 
0.98Hz, 2H), 7.22(t, J=7.94z, 2H), 6.90(t, J=7 .34Hz, lH), 5.95(br, 2H); 13C NMR: 8 
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156.67, 140.91 , 129.09(2C), 121.71, 118.09(2C); IR(Nujol): 3427cm-1, 3308cm-1, 
1654cm-1, 1610cm-1, 1590cm-1, 1552cm-1, 1494cm-1• 
Preparation of 2,5-dimethoxyphenylurea (XXl-3) 
The procedure was repeated with 2,5-dimethoxyaniline (1 l .4872g, 0.075mol, 
1.00equiv), glacial acetic acid(32.0mL, 0.556mol, 7.4lequiv), sodium cyanate(9.7538g, 
0.150mol, 2.00equiv) and water. The product was collected by filtration , to give 
13.1938g (90%) of greenish yellow solid. m.p.150°C-157°C (lit m.p. 155-156 cp01. 1H 
NMR (d6-DMSO): 8 8.05(1H,s), 7.89(1H,d, J=3.2Hz), 6.82 (lH,d, J=9.05Hz), 6.41 (lH, 
dd, J=8.93Hz, 2.93Hz), 6.32(2H, br), 3.76(3H,s), 3.66(3H,s); 13C NMR: 8 156.55, 153.77, 
142.17, 130.81 , 111.51 , 105.70, 104.89, 56.51 , 55.54; IR(Nujol): 3443.17cm-1, 
3353.08cm-1, 3301.59cm-1 1663.78cm-1,1590cm-1, 1535cm-1, 1487cm-1, 1433cm-1• 
Preparation of 4-methoxyphenylurea (XXl-5) 
The procedure was repeated using 4-methoxyaniline (9.2888, 0.075mol, 
1.00equiv), glacial acetic acid(32.0mL, 0.556mol, 7.4lequiv), sodium cyanate(9.7529g, 
0.150mol, 1.99equiv) and water. The product was collected by filtration to give 10.5070g 
(84%) of groundish yellow solid. m.p.157°C-l60°C; (lit m.p. 165°C)[SIJ 1H NMR (d6-
DMSO): 8 8.44(1H,s), 7.35(2H,d, J=9.05Hz), 6.82(2H, d, J=9.05Hz), 5.93(2H, br), 
3.67(3H,s); 13C NMR: 8 157.16, 154.68, 133.85, 120.49(2C), 114.27(2C), 55.45(1C); 
IR(Nujol):3487cm-1,3349cm-1,3200cm-1,l641.25cm-1,1594cm-1,1542cm-1,1513cm-1• 
General Procedure for synthesis of phenyl semicarbazide 
The urea (XXl-1 ), hydrazine source and other additives were added in to lOmL 
round bottom flask that was heated at reflux for at least 24 hours. 
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Preparation of phenyl semicarbazide using hydrazine sulfate(XXl-70) with a 2: 1 
ratio of sodium hydroxide to hydrazine sulfatef47l 
To a lOmL rb flask, hydrazine sulfate(0.4977g, 0.00382mol, l .OOeq), sodium 
hydroxide (6.0315M, 1.2mL, 0.00724mol, l.90eq) were dissolved in 1mL95%ethanol, 
and then phenylurea(0.5200g, 0.00382mol, l.OOeq) was added. After 7 and 24 hours, l 
more equiv of hydrazine sulfate and 2.05 equiv of NaOH(aq) were added, and the 
reaction was stirred for a further 24hours. The suspension was cooled in the ice bath and 
1.022 lg of solid was collected by suction filtration . The solid is starting material. 
Preparation of phenyl semicarbazide (XXl-59) with a 1:1 ratio of NaOH to H2NNH2 
To a lOmL r.b. flask, hydrazine sulfate(l.OOlOg, 0.00769mol, 2.00eq) and sodium 
hydroxide(6.0315M, l.3mL, 0.00784mol, 2.04eq), and lmL 95%ethanol were heated at 
reflux for 30min. Phenylurea(0.5222g, 0.00384mol, l.OOeq) was added. The next day 
more hydrazine sulfate (0.5018g, 0.003856mol, 1.00eq) was added. After another 24 hr 
of heating, the suspension was cooled in an ice bath and 0.7123g solid was collected by 
filtration . This solid was a mixture of the phenyl urea and phenyl semicarbazide, in a 
ratio of 1:1.81. 1H NMR: urea:() 8.55(1H, s), 7.48(2H, dd, J=8.44Hz,1.1Hz), 7.27(2H, t, 
J=7.8Hz), 6.96(1H, t, J=7 .33), 5.86(2H, s). semicarbazide: b 8.84(2H, s), 8.03(1H, s), 
7.51(1H, s),7.40(2H,dd, J=8.55Hz, 0.9Hz), 7.21(2H, t, J=7.9Hz), 6.89(1H,t, J=7.33Hz). 
Preparation of phenyl semicarbazide (XXl-60) 
The reaction XXl-59 was repeated with phenyl urea (0.5239g, 0.00385mol, 
l.OOeq), hydrazine sulfate ( 1.00 l 6g+0.5027 g, 0.00770mol+0.00386mol, 2.00eq+ l.OOeq), 
sodium hydroxide(6.0315M, 2.5mL, 0.015lmol, 3.92eq) and lmL 95% ethanol. 0.4806g 
mixture of the phenyl urea and phenyl semicabrzide in a ratio of 1.21 : 1. 1 H NMR: urea: 
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8 8.49(1H,s), 7.49(2H, d, J=7.82Hz), 7.25(2H, t, 1=7.95Hz), 5.81(2H, s), 6.94(1H, t, 
1=7.96); semicarbazide: 8 8.81(1H,s), 8.00(lH,s) , 7.38(2H, dd, 1=8.56Hz, 1.22Hz), 
7.20(2H, t, 1=7.95Hz), 6.88(1H, t, 1=7.33) 
Table E.2 Reactions of phenyl urea with hydrazine monohydrochloride 
Starting Material (XXl-1 phenyl urea) 
Solid(g) NMR 
entry Equiv H2NNH2 additives solvent result 
XXl-9 2.00+2.05 2.00+2.09 95% EtOH 0.0298 A NaOH 
XXl-11 2.09 - 95%EtOH 0.0404g B 
XXl-15 0.2142g B 
······················-············ 2.02+1.04 - 95% EtOH •........... ······················-········ 
XXl-22 1.9800g E 
XXl-16 1.99 5 drop HCl 95% EtOH 0.1408g B 
XXl-18 2.01+0.83 50% EtOH 0.0537 ::::::: - -
XXl-19 2.02+1.04 95% EtOH 0.1560 :.:C':' - -
XXl-20 1.99+1.0l 100% EtOH 0.0469 
>,:>,: 
- -
XXl-24¥ 2.11 95% EtOH 0.2038g ::::::: - -
XXl-70 2.01+1.10 3.94+2.05 95% EtOH 1.0221 NaOH s. mat 
XXl-29 2.02+ 1.26 soln - - 0.5929g D 
XXl-34 2.04 2.09 80%EtOH 9: !}?.?~ ** -
XXl-37 0.0756g 
XXl-32 2.02soln 0.0154g PPTs - 0.7977g s. mat 
XXl-33 9:.9.?.~?g 
XXl-27 2.10 soln .......... 9:. 9.~Q?.g·········· s. mat ·········-········ - -XXl-31 
.......... 9'.?~?.!g······· ······························--········ 
XXl-47 E 
*:the reaction was carried out in pressure flask. 
**: NMR was not done due to the TLC results showing similar results to previous 
reaction 
Table E.3 Reactions of phenyl urea with hydrazine sulfate 
Starting Material (XXl-1 phenyl urea) 
Equiv H2NNH2 additives solvent 
Solid(g) NMR results 
entry 
XXl-35 2.05 4.0leq NaOH 80%EtOH 0.0404g c 
XXl-39 2.01 l.98eq NaOH 80%EtOH 0.3206g c 
XXl-36 2.00 3.96eq NaOH 80%EtOH 1.6096 XXl-40 0.2230g s. mat 
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A: two sets of signals in the aromatic area, with significant downfield doublet 
B: two sets of signals identical to XX 1-60 
C: two sets of signals with apparent quartet as middle signal 
D: B plus an upfield doublet and triplet 
E: 1 set signals all much closer together 
Preparation of p-methoxyphenyl semicarbazide (XX 2-26) 
To a lOmL round bottom flask, hydrazine sulfate(0.3032g, 0.00233mol, 1.1 leq), 
sodium hydroxide(0.1844g, 0.00461mol, 2.20eq) were dissolved in 5mL 95%ethanol, 
and then methoxyphenylurea(0.3486g, 0.00210mol, 1.00eq) was added. After heating and 
refluxing for 24 hours, additional hydrazine sulfate(0.3015g, 0.00232mol, l.lOeq) and 
sodium hydroxide(0.2364g, 0.00591 mol, 2.8 leq) were added and the reaction continued 
for 24 hours. The suspension was cooled in the ice bath and 0.5988g of the solid was 
collected by suction filtration. Filtrate: 1HNMR (CDCl3) : 8 8.49(1H,s), 7.30(2H, d, 
J=9.05Hz), 6.81(2H, d, 1=9.05), 5.79(2H,br), 3.69(3H,s); 6.65(2H, d, J=8.80Hz), 6.52(2H, 
d, J=8.80Hz), 4.58(2H, br), 3.62(3H, s); 13C NMR: 8 156.78, 154.37, 134.21, 120.35(2C), 
114.27(2C), 55.73(1C); 151.14, 142.74, 131.91, l 19.95(2C), l 14.95(2C), 55.58(1C) 
Preparation of 2,5-dimethoxyphenyl carbamate (XX4-20) 
In a 25mL round bottom flask, 2,5-dimethoxyaniline (0.5105g, 0.0033mol, leq) 
and NaH 60% dispersion (0.3158g, 0.00789mol, 2.37eq) was stirred for 20min in lOmL 
fresh ether in an ice bath. Ethyl cWoroformate (0.63mL, 0.00812mol, 2.44eq) was added 
to the flask. After 3.5 hours, lOmL water was added to the mixture, then the mixture was 
extracted with lOmL ethyl ether three times and dried with MgS04 . After rotary 
evaporation, 0. 7 lOOg of a light purple oil was collected. (96%) 1 H NMR: 8 8.28(1 H, s ), 
7.37(1H, d, J=2.44Hz), 6.93(1H, d, J=9.05Hz), 6.61(1H, dd, J=2.04Hz, 9.05Hz), 4.12(2H, 
q, J=7.09Hz), 3.74(3H, s), 3.68(3H, s), l.23(3H, t, J=7.09Hz); 13C NMR: 8 154.22, 
153.43, 144.16, 128.33, 118.67, 112.38, 107.88, 61.03, 56.61, 55.77, 14.86. 
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Figure A.1.8 1H/13C NMR of (E)-3-(4-pyridinyl)-prop-2-enal (XX2-4) 
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Figure A.1.21 1H NMR of the 3-(2-N-methylpyrrolyl)-prop-2-enal semicarbazone (XX3-19) 
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Figure A.1.22 1H/13C NMR of the 3-(2-furyl)-prop-2-enal semicarbazone (XX3-48) 
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Figure A.1.23 1H/13C NMR of (Z)-4-acetoxybut-2-enol (XXl-74) 
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Figure A.1.24 1H/ 13C NMR of cis-1-acetoxy-4-bromobut-2-ene (XXl-68) 
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Figure A.1.25 1H/ 13C NMR of 1-acetoxy-4-(methanesulfonyl)oxybut-2-ene (XX4-8) 
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Figure A. 1.26 1H/ 13C NMR of 1-acetoxy-4-iodobut-2-ene (XX 4-9) 
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Figure A.1.27 1H/13C NMR of diethyl (Z)-[4-(acetoxy)-2-butenyl]phosphonate (XX4-10) 
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Figure A.1.28 1H/13C NMR of (E)-4-diethylphosphono-2-buten-l-ol (XX2-39) 
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Figure A.1.29 1H NMR of diethyl (E)-2-butenyl-4-hydroxyphosphonal (XX4-46-l ) 
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Figure A.1.30 1H/ 13C NMR of phenyl urea (XXl-1) 
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Figure A.1.31 1H/13C NMR of 2,5-dimethoxyphenyl urea (XXl-3) 
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Figure A.1.32 1H/13C NMR of 4-methoxyphenyl urea (XXl-5) 
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Figure A.1.33 1H/13C NMR of 2,5-dimethoxyphenyl carbamate (XX4-20) 
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Figure A.2.1 UV-VIS spectrum of (E)-cinnamaldehyde semicarbazone.(left) and o-
methoxycinnamaldehyde semicarbazone (right) 
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Figure A.2.2 UV-VIS spectrum of (E)-3-(2-thiophenyl)-prop-2-enal semicarbazone (left) 
and (E)-3-(3-indolyl)prop-2-enal semicarbazone (right) 
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Figure A.2.3 UV-VIS spectrum of (E)-3-(3-pyridine)-prop-2-enal sernicarbazone (left) 
and (E)-3-(4-pyridinyl)-prop-2-enal semicarbazone (right). 
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Figure A.2.4 UV-VIS spectrum of (E)-3-(2-pyridinyl)-prop-2-enal sernicarbazone (left) 
and (E)-3-( l -naphthyl)-prop-2-enal semicarbazone (right). 
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Figure A.2.5 UV-VIS spectrum of (E)-3-(2-furanyl)prop-2-en-1-al semicarbazone (left) 
and (E)-3-(9-anthracenyl)-prop-2-enal semicarbazone (right) 
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